


Institutional Archive of the Naval Postgraduate School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations l. Thesis and Dissertation Collection, all items 


1988 


Machinery diagnostics via mechanical 
vibration analysis using spectral analysis techniques. 


Stamm, James A. 


http://hdl.handle.net/10945/23067 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 


l W D U DLEY research materials and institutional publications created by the NPS community. 
FW : Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


WW KNOX appointed — and published — scholarly author. 
| | LIBRARY Dudley Knox Library / Naval Postgraduate School 
411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 








http://www.nps.edu/library 


M) laa 
R T ite te T 
ied" N a'u ee bk. TY a uweh A ra 
> A a rd LY Pd M L LA OT 
PIT A EU rd MT YY CNN EN D DEO eC. 
E” I T pa 4 edo 31A A. Mia + ll PEN 454680. A LA d TIT A e 
bes tis I , E TIPO A ph "irr ‘Aan al T LA SR Ti VAE LKA G 
> E Er QE rhe ^ vla. PLC wor E lero da d dE REC ATIS >> 
EN a Al DE True PER ENDE TM RR. TALI eiie Y ASIAN MAA EN, TA E erat 
D T. i DU eos URS E EUG G eater 
" 7 " T EC TES [9 LUE DN rt y + Ç n sect bce 
: Eas TTA e My aes >, RUM - à byes y l 1.59 Ma tle, DESEE P MP ER e “de 
g Ñ A i TE Ñ ES TET AR IL > 
x A rive ^s ELLOS. LA 
au L3 P TO DA Y N ^ M 
/ Lo R r 7 2 T 3 + s dg JPG nS 
ee ED UN f i Bow adf SE Fr er 
+ LI 10] 


ry 
l Ñ a A NN 
" A vit a 2 
d I zx 
E ES 













ani 
tr reae 
2 (G r erd 
RT E 
LUN Pe aids [TA N K aen : e oe 
diode Ln IY z Ds 

ER rec et e "v Lr ares 
S4 Ws. 4, ree y ita Paa hi 
^ Py bae PTR al 
eE r 





Ta. 
Atak ee rey 
NY VES ELM 
Lr vorn 
ee AS BE uy 

1 D U 





Tea bas. 
ELM TM LAAL OY 
errs i La RE 2 7 
rA s m RUDI Uere Uie T o ha 
" LAN re teves fh Verts (NA KLL brea 
œ ^ - LLLI naL M m Ada, ^ 
t% ias y o, DCN um "repa anl E wl E T U k Ha a ^ rà erp Pee Cre Moi œ 
"E M. n a alo ba hel y bin LK LOL T EDT e 
URE S 
IE 4 de a S > E a AA b 
ha. E i R T ' id A A TENA reper orla 
NES nd, a A TAS ekaa ET i spirt era oe 
, M ae AE pa ire ise EA oiu e d j rm ES LN 
k 4 "MA 7 M POEMA: d 
an A. AR R AAA C DE e hac 
A r i 1 EXE Wo T d re. YY 
Ç l a 2 AAN c AA P 
[EPI E abcr uM U Ba ut 
d DC "ALT hen d M eA e 
^s rer f y. fa ly de AERE TN n MCI 
' A d NW C 4115 a Bau Vdo AI 
DS e c U E 
t 4 1 v i + n 
Hoc $ 
1 





+ 
Y 
L 
e 

y 

E 

- 
n 

» 
ri 
1 

A 
11 
F 
dE. 
^1 
P 
t 
El 
4 
£ 
^ 
- 
L 
Ld 
$ 
F 


WT 
o La Cy Sears 
bris D MS oL 
Ñ CU AI Uta G 
Y TD oe x ea, 
be opel a eiii tr ry rs Raa 


d TEENS 
Leda > y . D Oh, 
bl. f LT Pere aC 
d LAT Y KT SCR A mara dardo a e RAS PED 
Orel DEEP PAE rat eat Sy AR 
A POS, P ade Lm Edd IP AN MUR ee Pur. a 
A! EIS e^ RS ja y 
^ x a, de “hee a Gen Real ve 2" ey hen po E 
" PM L 3 h LES 
: AA A : 
4 





- Na La i 
cry BO dance Me 
O abe EC 


i a 
C Af à "tede da. peo. 
AR ies DU o Nd A AE Na vi MADE iere ei monde rages ty « 
d : dA to) LG h s aag, T ^ "Iro ob PER gehe A : 
e AC AA ARRA A ES N ator SN A R i or ER ra RELATA 
t © P LI 7 ry Pi a S w LETTO a 4 Y e ^ Q a TE 
ha B > A Te uL et "hie » Cd Sis AE 
" Z^ E me Y Se H non? was N M ara Na. Lo TP mas «Pasar re 
v i 1 E , > po Li. EM da LI (ME ruines PETS ze be m POS 
A E COLAS a ma e ue. m 
ULA u El LET TR Br bL prd mot em Maec M 
Pee Mooi? uum Purto ert die Di ere Hrs dp : e 
DENS to Na deso: o dl MS rh 
a L Q De dem o 
? Pry ON Br HLA tt L l 
EA D 


Tr TE 
"e œ : 





bd 
kala L 1 
lT GL 
ea anen he er ean L 
E ý e k as R ven 
20 B ET DAA PO ID de aia | ak 
LIT] L " L : y 2 > - 
eo " v N EH LEM C NN K dy AT 
a A RA EN OUT DE a or E 
, i 4 | 754 N M Th na Ma" RUT a a b N AE TE C A E ; 
3 : rad T Rl " wA PSN HOO C eae ere GAL 
' - 4 IR TR EE IKAT i LE Sl se K r 
a* s L x Sr ie TO cy ; T A e de 
ee E * AN ai] DO moneat PELIS es TUI ADEL ard 
? * a LM MV, D hd P S kd DON. | e uel v S 
; T O LS. 
LKS b 
" Ñ i 


binan 


ol ha ES 
n a 

D m ^ 

F LT c 

L LE 


s 
D Pw. 








es s 

LL Pac ae E 
7 s Amin qus wat Es Tar use P Ke 4 ACA. 
v. IS tan tea d a E DRE des AED PEE. CREE te 

4 A A e ANA dex taker 7 a Y yer, 

y^ d U Ç uS ar Tn do Y El RRE Z. w K e > t) s 
: tT ok. AA Ue cacy a eae 
[ L CIS E e - can Rez Ma dun ME P ecl ir 71 Me d HL ie D Rd yn EAT E 
4 l (laid T. Mar Yay LATE noble Hsu pul rudes ha 
» : O H RT S 
3 ld MS TRAE Ie E aT 


e iU e 
E: AN 
O M = - M 
ts he Q L E ta U WR. d 
AA panel Re A LA ine 

Kah A 


(L CG 
A, Ü 





L 
p. 
E 





















“s 
*. 

- 
L 
P 

4 
x 
E 
£ 
> y 
E) 
2 
H 
E] 
H 


K T 


3 
HET 
4 







E 
» 
E 


U 
deda K 
A sn ^w 
ll PENA sa Va bdo DES 
ra REE T é 





KF K 









EA Ae A KE 
Wa ee SER c PDA Ab 
RES tag reat Ora OCA 
TIENS HE H T. EISE 
PHA VET prepa 
ES aah 


m 
bis 


- 
E 


iz 


po 
d 


FEM 









13 
e 
C 
C 


E p as 
TA cde PET 
A el hk: Pl ded ange Ta 


A 


Y 
a n 


" 


zm 
Py 
a A 
E 

s 

d 






E 

kd 
c 

a 
AY Ag Tae S 
d d CO 
Cul 
QUT 


Á— 

"c. id 
E ee 

H 


a 
L 


b 
D 
E 
^ 


U a 
^. 
ES 
^ 
he 
x 
ae 





eR rs 





am 


M 
m e 
S 
EE 


] wd, 


d 
E 





TS 
Te A 3 





Ra 
ES 

Ho om 

e 


NE 
A 
kE L 





























e 





$ * 9 
BS 
ros EG 
pa x 


Ç ne 
LR TT FRU 
‘Site ae L de $ 
Le eer Don ea ud EGL a 
"n N E LA Z 
E. LY eT PLA J GE 
ba TS T 
M E TODA foa, Hom 
ex Esc HT kn ET 
IIS 
L ar m ala 
a et LT aT 
AE ENE 
L A fy A ¢ at vta LIT g 
vn MS ALAN (A SDT DET T 
TET D 7 VEU DEOR EC PS E TL 
"t E L AES Wu ta TRI. ps 
La m. T ^re A A acr: I Pc e. 
a DES. F. Q La V | 4 ru De M o... aa age Py E 
Ad v ER erg, AT A S 
y V œ RE 5 . 
EAT E DER dt e AS 
ARAN T PA KE Rre 
AA A E AANT S e a iat A Ps. yes HS 
G Ass V Ç PESA nex dira. ori Mor E. pipa BF AA et oe H Lodo 
+ A b Fd Co a fat ur. HL AMI ATT AI 
ALD, NV. Ua iL d Ee. wr dc A po pn 
ur z ad c'a eM MA E A TET E GE Hen 
a AAN PR oe hi. thas a TT HELP 2 55% MP Po sida 
y Ae A TSE NA fet Mae ata nro Gs bud ts es Sp ey um 
SCT patie cree LED NAT ELLA 2 
bal U PO BL d LL b A 
C KT CAE: 
LEM 





E, 
E 
E 
TEN 
x 
E 
" 
E 
= 
x 
x 
I 
P 
A 
p KS 
. 
Lo 
El 
e 
e 









F "Lam v 
n 4 d. oí. 
D 

A A R. 
" LE PE] 4 pres Di vy, 
H P 
U D b h Z E i 
LI U 





- EXER C 
E Fr HAY v 
da V 


i 





U 
H EA o po q 
k ADO ge 
Heed hee Te if d PARRA dr add 
JAN PET vy (y! Putas y a vd * D í Waa E dw e y 
E N As PP TAL LORS e E B x RAAZ, d 
] E m uci + tok Oot P wii. EN LL I . $ 
" LI D B) Pra A, setu hpo CUL oi 
Ea ICA .. 1 h f te djip: hg e 
LIE PO V - ¡A L JE) 
ê f : y 
U L U U 
7 1 
F 











AAA 
A U 9 ba NAL 
AS DIA L Kad TE Celo 9 
E Md FIT. A. DOIA AS PA ALA 
; NAP AA Eee [pz PARELLA 
UU Doe Iris, í a, z C y rr pata L Ea eet, ud IP 
F - E Lr sf". H 2 e ai L Na teeta MU Sie De P 

, € Sis n0 IEA TN $ AS AAA L 

à D k E bh br 9f U SR E Nm irá 

s y 2 un 


LT Lips 
LE E ta 
" Ra 
ts 





PIS 
L bu T Ang. Jara 
| G 
S D y d ^d 
Y e C DET Wo ess R TN Rr DN L d h Y A dd bes hA Ñ da gi ER z 
ETE ca EOE E PARCI mnes uy T dia : fofi HET f s bak eee) 
L pr LEM ion dd ain T TT CU A Pr LLL ed LA A d 
SER pee HALLA a 7 BeAT L DI ewr al CTT a aa 
LR C AE RAR E EAS 
3 E T Ur -» OAM ' Ak. tel uba, m Sen LE a C) $. n e RS 
t i N ge à 4 Œ NAP LOT 1 "n ZNT gs ri y H d rA 
"m yo A A DNE: Ft PO M o OC I M A detur e 
f. * D L Ñ N ML TREV H g a d at 
A c ac $ bha, “dl S 7 a 
TP T NR LAUT R AL Nis pe AA Q L A 
AS: RAI AA ET A EE OA] der ETE. Nus A a rt 
RATAS NAT O ET: de AA RAE A gua 
DON EAD A Baa AN Nand TE Md A creen TES Ad Ral T 
N k ARAN R BOS NO CAD IO RRA Ud rH Dx) 
m READ (y d AX eu Lem A ir ie PA POP RTI oL Iw acetum 
E L (ML. L ` Ae tas k YA L. pri 0 AA A A Se a r 
l 3s ‘ vA er ei E) PR Se E aA na NA ojo DESI Dres EC 
(^ ae Ir aA à A m “Y, Y) AA U LTTE DEA ela) 
l U) t KA "a 0 LN (à NC Loa A E G FX Lu E DUM Rates 
3 E al l FEL s v 
' P tent af l DIES. ho P, :* KE EI c 
e " = K D LP LELE 
ls 
" J 


Ketan | A» 
9 AYER 
LNT T AR LAME U y " 
AS Pia Ed LC E OST EC 
S k PI a ry ba Rid LIII fH 
PAE T L TG RT TE OA kal PL LEA A AA 
L ESO Da II O UA AA Ae ANOS AA AT rear. 
TR. E ver A N YE Fore win any O ae ai TOS Y q TA 
"NAT mI" U K 1 fe L HH T (PSP air oe ah aa VOLL TELS 9 d op M Min at LA TE 2 
En ‘ L de èt: 4 L JA T IAN TIA np, VD LA H e tus 
M N Ve tags VIL V AO LIS MATE var D Pd t nidi. 
PAD Dm ova 1,9. ,, DEVE PH EU VAT [^ E >. ERA e Drs RCC 
A A SAT Om M SRM OMA E, Uo UOCE oT Re SR. AI TTA Tas tod 
Dm ! " RUP e a K TH RN ett 7 UR LAS aero AE 
i DIT] L ie à DM IL OL IT Lal LA E OM "RM LLE A A M i 
D Bo TEES . Id 4 AUT P DE Pip M. A tol EIA n P 7 
d OA D 1. OM C4 4 HL rn vin Ds dm UA daa n ARA i-i 
^ P TE »i |f fos y TEA LE ad 
U E 2 J $ L. [A Yat E 4 P 
- L] n] 347 LN] Lm is 
U 




















s 





^ UN 





E] 
Le 
- 
ta 
La 





e 
a 
k 
BK 
A: 
~ 
= 
` 
E 
Pix 
ate 
m 
x 
E 
D 
i 
= 
- 
ki 
de 
G 





LI 
E 
+ 





K NAA TEN PM 
T wir Pao 







um JT] 
"a TE 


[aa 1 

v n 

LAA ROE LU ACA ars i 

ta g y 

" etta. N EP. L 
L] LU 

+ U 


P S4 GO 
SD ERUNT e IE: 
4 OPE Hn yn RED 


4 y 
E 
L Rp KA k 
CL Li eee ree ; Lean, 22 
[n DUAE. n Vi Me d uuu, 
E A A Eb R Po 
P A Lu 
Dtm A L 





3 + ate 
7 Flas "E "dat l 
N T an S HM REDEEM 4 
N kd . & dA U 
Ls v Y 


T 
[| 6 m 














NAVAL POSTGRADUATE SCHOOL 


Monterey, California 





CIS A ps Y] 


MACHINERY DIAGNOSTICS 
VIA MECHANICAL VIBRATION ANALYSIS 
C SPECTRAL ANALISIS TECHMOLES 
by 


- 


James A. Stamm 


September 1988 


Thesis Advisor BE S SD 





Approved for public release; distribution is unlimited. 





nclassified 


'urity classification of this page 
REPORT DOCUMENTATION PAGE 


1 Report Security Classification Unclassified 1b Restrictive Markings 





2 Security Classification Authority 3 Distribution Availability of Report 

» Declassification Downgrading Schedule Approved for public release; distribution is unlimited. 
Performing Organization Report Number(s) 5 Monitoring Organization Report Number(s) 

a Name of Performing Organization 6b Office Symbol 7a Name of Monitoring Organization 

.aval Postgraduate School (if applicable) 62 Naval Postgraduate School 


: Address ( city, state, and ZIP code) 7b Address (city, state, and ZIP code) 

lonterey. CA 93943-5000 Monterey, CA 93943-5000 

1 Name of Funding Sponsoring Organization | 8b Office Symbol 9 Procurement Instrument Identification Number 
(if applicable) 


> Address (city, state, and ZIP code) 10 Source |10 Source of Funding Numbers — | |10 Source of Funding Numbers — | Numbers 


Program Element No Work Unit Accession No 


Title (include security classification) NIACHINERY DLAGNOSTICS VIA MECHANICAL VIBRATION ANALYSIS USING 
meer RAL ANALYSIS TECHNIQUES 


' Personal Author(s) James À. Stamm 


ja Type of Report 13b Time Covered 14 Date of Report ( year, month, day) PS Pace Count 
laster's Thesis From To September 1988 100 


» Supplementary Notation The views expressed in this thesis are those of the author and do not reflect the official policy or 
osition of the Department of Defense or the U.S. Government. 


| Cosa Codes 18 Subject Terms (continue on reverse if necessary and identify by block number) 


S E signal analysis, machinery diagnostics 


| 
i 
| Abstract (continue on reverse if necessary and ideniify by block number) 

E Mechanical vibration analysis affords a reliable means to selectively identify specific machinery faults. As such, it plays a 








sy role in diagnostic work on individual units and in progressive maintenance monitoring programs where substantial 
agnostic and prognostic capabilities are considered essential. A physical machinery diagnostics model was developed that 
as designed to incorporate some of the more common machinery faults found in rotating machinery relating to shaft. 
'anng. gear, and alignment defects. The results of spectral analysis techniques used to detect these simulated faults are 
splay ed and discussed. with special emphasis on gear train diagnostics. Also included are a description of one of the current 
| S. Navy machinery vibration monitoring programs, and an initial study regarding a proposed technique for providing a 
aphic display of gear faults. 


n 
Y 


1 Distribution Availability of Abstract 21 Abstract Security Classification 
unclassified unlimited O same as report O DTIC users Unclassified 


] 1 Name of Responsible Individual 22b Telephone (include Area code) c Office Symbol 


5. Shin (408) 646-2568 69S9 


l| FORM 1473,84 MAR 83 APR edition mav be used until exhausted security classification of this page 
i Ail other editions are obsolete m RE E 





Unclassified 


Approved for public release: distribution is unlimited. 


Machinery Diagnostics 
Via Mechanical Vibration Analvsis 
Using Spectral Analysis Techniques 


by 
James A. Stamm 
Lieutenant Commander, United States Coast Guard 


B.S., United States Merchant Marine Academy 


Submitted in partial fulfillment of the 
requirements for the degree of 


MASTER OF SCIENCE IN MECHANICAL ENGINED RRs 
from the 


NAVAL POSIGRADUATESCEC GI 
September 1988 


ABSTRACT 


Mechanical vibration analvsis affords a reliable means to selectivelv identify specific 
machinery faults. As such, 1t plavs a kev role in diagnostic work on individual units and 
in progressive maintenance monitoring programs where substantial diagnostic and 
prognostic capabilities are considered essential. A physical machinery diagnostics model 
was developed that was designed to incorporate some of the more common machinery 
faults found in rotating machinery relating to shaft, bearing, gear, and alignment defects. 
The results of spectral analvsis techniques used to detect these simulated faults are dis- 
played and discussed, with special emphasis on gear train diagnostics. Also included are 
a description of one of the current L.S. Navy machinery vibration monitoring programs. 
and an initial study regarding a proposed technique for providing a graphic display of 


gear faults. 
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I. INTRODUCTION 


A. GENERAL 
Vibratory motion is a phenomenon inherent to all types of machinery regardless of 

their material condition or state of performance and 1s typically measured in terms of 
either the physical response of the machine itself or the sound produced by the vibratory 
motion that is induced. Thus, the vibrations in general may be separated, respectively, 
into two categories; mechanical vibrations and acoustic vibrations (termed machinery 
noise! by many authors). Machinery diagnostics involves the measurement and analysis 
of varrous phenomena associated with machinery operation and is specifically aimed at 
the detection and identification of machinery faults. Vibrational behavior is a prime 
indicator of machinery condition and so plays a kev role in machinery diagnostics and 
health monitormg. Mechanical vibration measurements are favored as the measures of 
merit in the evaluation of machinery condition and performance, whereas acoustic 
vibration measurements, although applicable to machinery condition assessment, have 
greater importance and more widespread use in Work regarding norse control and noise 
reduction analvses. In this regard, Lyon [Ref. 1] states 

The greatest difference between diagnostics and noise reduction les in their 

respective goals. A machine operating properly and without faults can still be very 

noisy, and a machine that has developed a major fault may operate quictly. 
Consequently, acoustic vibrations are addressed in part, but the focus of this paper 
remains on the measurement and analvsis of mechanical vibration signals with special 
emphasis on dynamic siznal analvsis techniques as they apply to machinery diagnostics 
and machinery maintenance programs. 

Initially established as one of the primary goals of this thesis work was the 

development of a machinery diagnostics model to satisfy two specific objectives. First, 
to provide a working model which could be used to simulate some of the more common 


machinery faults and fault detection techniques that were to be discussed; and second, 


| Throughout this paper, the term noise is specifically reserved for referring to those portions 
of a vibration signal which come from signal contamination by non-machine related sources and, 
hence, undesirable and of no interest except for the degree to which its presense may affect the 
detectability of the signals of interest. 


to create the means bv which a new analysis method and display technique regarding 
gear defects could be experimentally tested and evaluated. 

This paper summarizes and discusses some of the measurements and current 
techniques emploved in mechanical vibration signature analysis as apphed to detailed 
diagnostics conducted on individual machines and to machinery maintenance progranis 
in general. The remainder of this introductory section provides background material 
regarding vibration analysis and its applications to machinery diagnostics. The tater 
sections discuss, in order, one of the current U.S. Navv surface fleet maintenance 
monitoring programs, basic signature analysis measurements and methods, the 
diagnostics model that was developed, a special studv on gear train diagnostics, and 


lastly, a summary of conclusions and recommendations for continued study in this field. 


B. BACKGROUND AND APPLICATIONS 
Il. Why Vibration Analysis 

Both consciously and subconsciously, operating engineers routinely use at least 
four of the five human senses to varying degrees to assess the condition of the machinery 
under their care. Sight, hearing. touch, and (although to a lesser degree) smell are useful 
in monitoring overall plant status, but sight and smell become Virtually useless in 
evaluating the condition of an individual machine until long after an abnormality, or an 
abnormal trend, has become quite obvious. Normally they are limited to detecting the 
existence of a problem which has advanced to a point where some form of corrective 
action is called for without delay, whether it be as minor as a simple adjustment that 
mav be made with the unit running, or as major as the immediate shutdown of a piece 
of equipment. On the other hand, hearing and touch are more sensitive to small 
variations in operating conditions and, with respect to an individual machine, the onset 
of specific problems such as pump cavititation, bearing defects, drive belt defects, 
mechanical looseness, and the like, may be detected. In general , though, what is being 
felt or heard is the vibration, or the sound produced by the vibration, which results from 
some specific change which has occurred in either the operating parameters or the 
material condition of the machine components or their alignment. Unfortunately, even 
with the significant dvriamic range and filtering capabilities of the human ear which 
enable the selective identification of small signals (sounds) in the presense of large 
random signals (background noise), the changes so detected may be due to specific 
maladies or component defects which are well on their way toward necessitating an 


unscheduled shutdown for repairs. Consequently, vibration analysis is a logical choice 
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of a field to explore and in which to develop measurement and analysis techniques which 
can serve as natural extensions of those basic human senses which are inherently more 
responsive to. hence more informative about, machinery condition. 

2. The Basic Concept 

Vibration analvsis is based upon the concept that once a machine 1s placed into 
service and a baseline vibration signature2 is obtained, any subsequent change in its 
operating parameters or material condition will be reflected by a change in its vibration 
signature. More importantly, the converse is assumed to be true, that if there is no 
change in its signature, then there has been no change in the operating parameters or 
material condition of the machine or any of its components. This basic concept 1s 
well-established both in theory and in practice. In accordance with its strict definition, 
the use of the term signature implies a uniqueness, and rightlv so. Much of the analvsis 
work done relies in part upon pattern recognition in order to categorize the tvpe(s) of 
machinery fault(s) present, and this 1s commonly the first step taken in any analvsis 
procedure. 

Under controlled laboratory conditions or simulations using artificially 
produced signals. the duplication of results for identical conditions is not difficult to 
obtain. This is evidenced by several of the figures which appear later in which a signal 
eenerator was used to provide the input signals; each figure developed this wav is 
referenced as such. In actual practice in the field, point-for-point reproduction of 
signatures for repeated conditions are not trulv expected nor obtained; however, the 
same conditions will vield signatures which are unnustakably “the same”. Indeed, ıt is 
preciselv this high degree of repeatabilitv that promotes high confidence and popularity 
in the use of vibration analvsis for machinery diagnostics and for short and long term 
maintenance monitoring needs. Mechanical vibration analvsis covers a wide assortment 
of instrumentation, methods, and techniques used to collect and analwze vibration data 
either in its raw form or after it has been processed to display it in alternate forms which 
facihtate the detection of specific machinery faults. Where vibration monitoring is 
implemented as part of an overall machinery maintenance program, the more useful, 
hence more common, forms of display are in the frequency domain. The equipment 
required varies from simple hand-held meters, to sophisticated multi-channel solid-state 


signal analyzers which offer a multitude of data processing functions and display 


2 The term signature refers to any graphical display of signal information regarding a vibration 
parameter; velocity amplitude vs. time, acceleration amplitude vs. frequency, etc. 


formats, to svstems where permanently installed sensors feed into a computer equipped 
with diagnostic software. 
3. Application to Machinery Maintenance Programs 

Machinery maintenance is well-recognized as accounting for a substantial 
portion of overall plant operating cost. Small advances in maintenance programs reap 
large benefits, not only in cost savings, but also in improved safety, availability, 
efficiency, etc. Success stories are abundant in the literature on this subject, and 
payback periods for the initial investments are typically reported in terms of months. 
Consequently, there are many people in various engineering disciplines actively pursuing 
Improvements to existing methods and technologies of machine condition and 
performance analvsis, efforts which are extensive and well justified. 

Maintenance programs mav be viewed as belonging to one of several hicrarchal 
levels based on whether or not a structured maintenance plan is in effect and on the 
degree to which a plan incorporates the aforementioned methods and technologies that 
are available which relates directly to the intended goals of the plan. 

a. Crisis Maintenance 
The lowest level program is popularly referred to as a crisis maintenance 
program. This is one where no specific monitoring. performance evaluation, condition 
evaluation, or maintenance routine exists. Such a program relies strictly upon 
observations which may be made byv the operators for gaining any forewarning of 
trouble, with the result that machines and or their components all too often degrade to 
a state of being unfit for service before any maintenance or repair efforts are undertaken. 
Note that this is not a criticism of the performance of operating engineers, but rather a 
Statement on the general inadequacy of the naked human senses to detect machinery 
degradation at a sufficiently early stage to prevent serious problems, as well as a 
statement on how rapidlv some machinery faults may develop and grow to unacceptable 
limits. 
b. Preventive Maintenance 
The next program level is that of the preventive maintenance program in 
which maintenance is carried out on a regular schedule which 1s based upon a specified 
time interval, a specified number of operating hours, or some other measure of 
machinery operating life. An example of this would be automotive maintenance 
schedules which typically specify a limitting number of months or miles driven between 
maintenance work. This is certainly an improvement on the previous level, but the 


quality of this type of program relies upon the ability to accurately determine the 


optimal interval(s). and ** presumes that all machines of the same class (thus assigned 
the same intervals) will degrade identically in fashion, rate, and amount. As accurate 
as they may be, the assigned intervals, at best, can reflect onlv statistically averaged 
measures of what have proven to be acceptable intervals. In order to be even minimally 
conservative in avoiding serious outages, these intervals result in wasted time, money, 
and effort in servicing those units which are performing above the average. In short, the 
intervals will onlv be optimal for those units which degrade exactly as does the average 
unit of the class. Those which perform below average mav fail before the maintenance 
is done as well as cause premature development of faults in related components; those 
which perform above average receive unnecessary maintenance and also invites the 
added risk that their condition may actually be worsened by the maintenance, especially 
if it invoives opening of the unit and or routine replacement of components. There is 
also the consideration that, to be cost effective, such a program must be limitted to 
addressing a finite number of the higher probability faults which has the effect that the 
program may essentially be blind to many problems that can lead to chronic trouble and 
repetition of work that only treats the symptoms. 
c. Predictive Maintenance 

The final level is that of the predictive maintenance program in which, as 
the name implies, machinery faults are detected at the early stages of their development 
so that maintenance needs are able to be predicted. with the result that maintenance is 
performed only when it is needed and only on those components which need it. 
Figure 1 shows what is commonly referred to as the “bathtub curve” which displavs how 
Wear rate varies with time for most machinery components. Specifically, 1t shows the 
run-in period characterized by a decreasing Wear rate as the initial manufacturing and 
assembly imperfections become smoothed out, followed by a period of normal operating 
wear at a constant rate, followed bx a period of increasing wear rate due to creation and 
growth of defects until final failure occurs. Time-based preventive maintenance 
programs mav interrupt the service life of a component which may still be in its normal 
wear rate period, whereas predictive maintenance programs will only remove a unit for 
maintenance when it is in its final stage of serviceable life, i.e., somewhere in the 
increasing wear rate portion of the curve. Close monitoring and experience can provide 
very good estimates of projected time to failure which allows the programs to realize 
opumal maintenance intervals on a machine-specific basis. 

Although predicuve programs cannot assure that unexpected failures will 


not occur since some faults mav still develop and proceed to failure too rapidlv, they can 


wear rate 


time 
Figure I. Component wear rate versus time. 


and do successfullv avoid unnecessary maintenance work and expense. Additional 
benefits of these programs include increased productivity due to longer operating time 
between repairs, reduced spare part inventories and reduced repair times since the exact 
components in need of repair or replacement are identified long before the work is 
commenced, and the abilitv for advanced planning and scheduling of service 
interruptions rather than their unannounced arrival which is an attendant problem of the 
other program types: 

The early detection of faults which enable this type of program to be truly 
predictive is made possible by a variety of sophisticated technologies which most of the 
current literature treats under the general headings of condition monitoring or health 
monitoring. Predictive programs vary in the degree to which they employ these 
technologies. The simpler programs generallv incorporate periodic measurements of 
vibration data and performance data, along with basic analyses of svstem fluids such as 
lubricating oils, coolants, or working fluid media. The more advanced programs use 
continuous monitoring schemes employing permanently installed sensors which give 


continual on-line measurement of condition and performance parameters and feed these 


directly to central computers and automatic data logging devices. The repeatability and 
accuracy with which mechanical vibration analysis techniques can identify specific 
machinery faults has also led to the demand for their use in the development of expert 
systems with artificial intelligence where the signals are automatically analvzed and the 
fault condition is automatically outputted to the operator. For simple svstems, this 
replacement of the vibration analyst with a computer that can decode the signal may 
not be too difficult. Unfortunately, most signals are too complex and require the analyst 
to employ methods which vary from case to case. Even identifving the same type of 
fault may require different techniques that change from one machine to the next. In 
short, the procedures that are followed by the analvst are not structured to the point 
where there are universally aplicable to all diagnostic work. This is primarily what 
retards progress in the ‘ull development of artificial intelligence applications for these 
Euert Sv stems. 

Most of the literature on the subject tends to reserve the term condition 
monitoring for use 1n specifically addressing predictive maintenance methods, although 
Ilvonen [Ref. 2] applies it to both preventive and predictive programs. In the mid 1970's, 
the conventional preventive maintenance programs were beginning to give wav to 
predictive maintenance theories and practices. As originally established, these new 
programs Were essentially two-headed. The overall program was termed “On-Condition 
Maintenance” which meant that units of equipment would only receive maintenance 
service as needed based upon their condition. The term “Condition Monitoring” was 
applied to one facet of the program which monitored the condition of units of secondary 
importance, but allowed them to remain in service until they failed. This was done in 
order to generate a data bank of machine vibrational data which could help establish 
what vibration levels were to be considered normal and abnormal. This was necessarv 
at the time because of the limited amount of statistical data available regarding 
machinery vibrations. [Ref. 3] 

As the term is currently used, it involves the acquisition of information 
Which is used for evaluating the condition of machinery. The wide variety of 
instrumentation and analysis techniques employed were classified by Mathew [Ref. 4] 
into siX main categories: aural, visual, operating variables, temperature, debris 
monitoring, and vibration monitoring. The first four generally include conventional 
methods which have long been in use except perhaps for some of the newer technologies 
such as boroscopic exams, thermography, and acoustic monitoring. Debris monitoring 


includes both oil and gas path monitoring. In wear debris analvsis, oil samples from 


sumps and or samples from magnetic plugs strategically placed in the lubrication svstem 
are analyzed using ferrography and spectrometry in order to determine the concentration 
and type of debris found. This information can then be used to determine the rate of 
wear of specific components. The gas path debris analysis similarly attempts to isolate 
the source and nature of the debris, specifically, in order to differentiate between fuel 
contanunants or combustion products and actual material debris such as from eroded 
or broken blading. Also included is a collection of process variables data such as flow 
rates, pressures, temperatures, etc. which are conventionally obtained and recorded, 
often with the use of an automatic data logging device. No one information group 1s 
able to stand alone and provide sufficient data to effectively run a maintenance program. 
In the more advanced programs, all of the aforementioned work in concert to provide 
operators and management personnel with status and long run trend information which 
is used to establish maintenance schedules. Each serves to supply system information 
which the other cannot. 
4. Other Applications 

Vibration analvsis has been applied in all facets of engineering including design, 
manufacturing. operations and control, maintenance, and in survevs, inspections and 
tests. In design, much of the work is related to mathematical modelling and model 
testing: actual field wor in vibrations have their impact on design bv providing feedback 
on the service performance which. at times, may call for redesign to adequately correct 
a certain problem. Also, it provides more accurate estimates of such statistical data as 
mean time between failures, maintenance downtime, and other associated time, material, 
labor and cost figures used by the design engineers to do systems analysis and life cvcle 
cost studies. In manufacturing. vibrations of certain components such as lathe spindles, 
cutting tools, etc. are monitored to control tolerances of manufacture and to tndicate to 
the operators when the components should be replaced or renewed in order to maintain 
the required tolerances, and vibration readings are used in qualitv contro] applications 
of the manufacturing process as well. Vibration signals have been incorporated into 
control system designs to provide feedback on system performance or response to 
operational changes. And vibration readings are also being used more and more as part 


of machinery service and installation acceptance criteria. 


II. U.S. NAVY MACHINERY VIBRATION MONITORING PROGRAM 


A. PROGRAM OVERVIEW 

The U.S. Navy conducts several different vibration monitoring programs for the 
machinery onboard its surface fleet. A total of approximately 32,000 machinery units 
are involved, with about 12,000 of these being monitored under the Svstems and 
Equipment Maintenance Monitoring for Surface Ships (SEMMSS) program; the exact 
number of units monitored on any given ship depends upon the vessel class. Of the 
various programs, the SEMMSS program is of particular interest because it is an 
example of an increasingJv common event occurring in many industries; namely, the 
replacement of a preventive maintenance program with a predictive maintenance 
program in which mechanical vibration monitoring was relied upon heavilv to make the 
fmsinon. The SEMMSS program is administrated by the Naval Ship System 
Engineering Station (NAVSSES) located in Philadelphia, Pennsylvania. Initial studies 
were commenced to access the program's effectiveness; in particular, the effect it has had 
on overall maintenance cost and ship availability figures. Although final reports are not 
vet available since the studv is still underway, discussions with program administrators 
indicate that its impact should prove to be extremely positive. NAVSSES functions to 
provide technical guidance, including the training of the personnel who perform the task 
of data acquisition in the field. It also sees to the selection, procureinent, disposition, 
and maintenance of the field monitoring instrumentation: and it is responsible for 
overseeing data processing procedures and the development and distribution of 
documentation and reports of survey results. Some of these tasks are performed bv a 
private engineering firir. specifically contracted to do this work. 

The program currently calls for vibration readings of each unit to be recorded and 
analyzed every three months. With the number of units involved and their geographic 
distribution, the attendant logistics problem and the need for minimal interruption of 
vessel operations were dealt with by the establishment of Performance Monitoring 
Teams (PMs). The teams are based in the vessels’ home ports, equipped with portable 
data acquisition kits, and are responsible for field testing. data collection, and 
transnussion of the data to the analvsis center. The field offices have dynamic signal 
analyzers for local analysis needs and for conversion of the analog data to digital data 


which can then be transmitted via modems over commercial telephone lines. The 


analvsis center handles the data processing and analysis, the permanent data storage, 
and the report preparation phases, then furnishes NAVSSES with the final written 
reports of the survey results. The vessels each receive a copy of the report Onetmaem 
machinery which includes a summarv of which units were tested, which ones were not 
tested and why3 , a prioritized listing of machinery in need of attention along with 
specific recommendations on what work should be expected, and an updated copy of the 


vibration severity history of those units which were tested.[Ref. 5] 


B. DATA ACQUISITION 

Each machinery unit is fitted with two or three small transducer mounting discs 
made of 416 stainless steel, secured to the casings in way of the bearings using a 
high-strength epoxy compound, each covered with a removeable protective cap. The 
choice of disc material provides pieces which are resistant to the adverse environmental 
conditions and allow for magnetic attachment of the transducers. Accelerometers fitted 
with mugnetic buses are used exclusively with a silicon-based grease apphed as a 
lubricant couplant which protects the machined surfaces of the disc and magnetic base 
Wlule improving the transmissibility characteristics of the arrangement. The suitability 
and performance of this method of attachment was verified by a special study which 
compared transmussibilities for various arrangements to the quality obtained with 
stud-mounted assemblies (Ref. 6]. The number and location of monitoring points are 
unit class specific; 1.e.. all identical machinery units throughout the program have 
identical transducer mount locations. Most units have one radial fitting at each load 
bearing (in the same plane) and one axial fitting at one of the bearings, normally the one 
nearer the coupling. Exceptions to this are centrifuges and purifiers which only have 
radial fittings. The prescribed location of all discs is cataloged in a written program 
guide which allows the PMT technician to accurately locate any mounts which necd to 
oe replaced or realíIixed. This, along with the fact that they are "permanently" affixed, 
supports strong confidence in the validity of measurement comparisons made between 
monitoring periods as well as between units of the same class. Of course, the impedance 
of each mount location will be different from one machine to the next, but at least the 
number of variables is somewhat reduced by ensuring that those readings which are to 
be compared to one another are at least taken at precisely the same location on each 


ünit eters time. 


3 Typical reasons ior not testing include no water available, boilers secured, 
maintenance repairs in progress, etc. 
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Low impedance coaxial cable is used to transmit the signals from the accelerometer 
to and through a broadband velocity meter and on to a specially designed FM tape 
recorder where the analog data 1s stored on standard, high quality cassette tape. The 
velocity meter displays the overall broadband vibration velocity amplitude on a decibel 
scale referenced to 10-5 cm/sec rms. This reading is manually entered on a written record 
maintained by the PMT technician. The duration of each reading 1s "timed" by referring 
to the counter on the tape recorder. The recorders are fitted with multiple heads for 
recording the data plus a separate voice track on which the technician may record 
comments or other information regarding the measurement or test conditions. After all 
readings for a ship have been taken, the tapes are brought back to the local PMT office 
where a signal analyzer is used to convert the analog data to digital data which is then 
temporarily stored locally in a microprocessor. Using a modem and commercial 
telephone lines, the data are then transmitted to the analvsis center. Other equipment 
used by the technicians includes a portable tachometer for measuring machine rpm at 
time of testing. a transducer calibration kit for periodic verification. of. transducer 
performance. and a dual trace oscilloscope which is used primarilv to verifv signal 


quality and tape recorder performance before each reading is taken. 


C. DATA PROCESSING AND ANALYSIS 

At the analysis center, signal analvzers and microprocessors are used for processing, 
displav, analvsis, and storage of the data. The analvsis 1s performed with the data 
displaved in terms of velocity decibels versus orders of revolutions, and all final written 
reports are simularly prepared. The ability to display the data in orders 1s accomplished 
by referencing the spectral display to the rpm reported by the technician. Use of an 
orders representation of the spectra is advantageous for monitoring machines with 
Variable operating speeds since it will automatically maintain the same spectral registrv 
of those events that track directly to shaft speed, and this includes most of the common 
machinerv faults. For example, imbalance creates a spectral line at 1 X rpm regardless 
of what that rpm may be. A machine operating at 1200 rpm will show a spectral line 
at 20 hertz, at 1800 rpm it will show at 30 hertz; but in either case it will show at one 
order in an orders representation. Exceptions to this are events which occurr at the same 
frequencies regardless of shaft speed. Events such as electrical signals from motors or 
resonant excitations of natural frequencies are common examples of this. When a 
component 1s excited into resonance. a spectral line will appear at the component's 


natural frequency and will not move as the machine speed changes. It may. and 
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normally does, change in amplitude with changes in shaft speed, but its spectral location 
will remain fixed with respect to frequency. The assured consistancy of spectral location 
for most major events when displayed in terms of orders facilitates trending studies by 
eliminating one of the variables (operating rpm) which normally would be an extra 
factor to consider when comparing past and present data. 

Reliability of trending information is very good since all acquired data is 
permanently stored. As the program continues, the data bank generated provides an 
increasingly valuable resource for statistical studies aimed at establishing and updating 
suitable criteria for alarm levels and condition evaluation of individual classes of 
machinery. At present, the criteria for alert are: 


e arise of over 6 dB in any amplitude as compared to its previous level, 


e arise above a level established statistically as two standard deviations above the 
mean value for that class machine, and 


e arise above the absolute levels set by military specifications. 


A violauon of anv one of the above is considered an alarm or warning condition. An 
important distinction between the selection of these criteria and the criteria used by 
similar programs is the tracking of individual events (spectral lines). In some programs, 
the criteria are based only on overall broadband amplitude limits; this leaves the 
program “blind” to any smaller but more rapidly developing faults that may exist. For 
example. a 95 dB reading at 100 hertz and a 75 dB reading at 250 hertz would give an 
overall amplitude reading of 95 dB. the higher of the two. Assuming an alert level set 
at 100 dB, should the 100 hertz reading remain steady while the 250 hertz reading 
increases by 10 dB every three months, it would not register anv warning until nine 


months later when 1ts overall level would then be 105. 


D. DOCUMENTATION AND REPORTS 

The final written reports consist of tabular and graphical data. One graph shows 
trend history in the form of overall broadband readings plotted against time for the 
current and the several prior visits. A series of spectral graphs are made, one for each 
mounting location on each unit, and manv of these are also shown on two separate order 
ranges. Typically, a high speed device may have one series of plots covering from zero 
to 100 orders, and a second series covering from zero to 10 orders in order to provide 
better resolution of lower order events. This 1s important because it is often problems 
in the lower frequency ranges that occur first and cause problems which appear later on 


in the upper frequency ranges. 


The turnaround tin. from data collection to receipt of results and recommendations 
can be verv fast, within one working dav. This ts a benefit because it allows the PMT 
technician to conduct foliowup testing on any unit which may warrant closer scrutiny 
based upon initial readings that were taken, and the ability to do so without need to 
re-visit the vessel at some future date which may be a less convenient time with regard 
to interruption of vessel operations. 

Vibration data alone is not all that is reviewed before recommendations are 
formulated; it is augmented by information on the performance parameters of the units. 
In this way, the recommendations reflect an accounting for other variables which mav 
have created either normal or abnormal changes in the signatures. The long term 
storage of the data permits the creation of waterfall plots used to simplifv trending 
studies, and (ideally) improves the quality of information on machinery history statistics 


and the suitabilitv of alert level values and evaluation criteria. 


E. FUTURE DEVELOPMENTS 

Future developments of the program are to include the use of digital data 
acquisition devices in place of the analog units now being used. This would allow direct 
transmission of the data when collected and cut out one major data processing 
procedure in the system. This would also allow for immediate channelling of data into 
local microprocessors onboard for on-site analvsis which is another feature under 
consideration. Having these capabilities onboard ship will also permit the use of 
vibration readings as a machinery installation acceptance criteria. There is also a 
planned change over to electronic transmission of both the data and the reports. And 
finallv, there is consideration being given to extending the monitoring interval from three 


to six months. 
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Ill. MECHANICAL VIBRATION SIGNATURE ANALYSIS 


A. VIBRATION FUNDAMENTALS 
A concept that is basic to the understanding of vibrations 1s one that Lvon [Ref. 1] 
emphasizes throughout his book, the concept of source-path-receiver. The oscillatory 
motion of a machine represents its response to exciting forces whose sources may be 
internal or external to the machinery unit... Examples of internal sources are rotor 
imbalance, coupling or bearing nusalignment, or worn or damaged mating components 
such as gears; all representative of material or alignment defects which may be corrected 
to reduce the amplitude of the forces produced by them. Examples of external sources 
are load variauons, flow conditions, or vibration of adjacent structures or equipment; 
all representative of problems which cannot be attributed to any physical defect of the 
machinery unit itself... The transmission of the forces from their sources follows one of 
two paths of prime interest to the vibration analvst, one in the form of the mechanical 
transmission of forces from one component to the next, the other in the form of the 
acoustic enussions emanating from cach component which is set into vibratory motion. 
This describes the two basic types of signals that are measured and analyzed. mechanical 
and acoustic, which coincides with the two general fields that have developed. The 
instrumentation used is different for each of these two signal types, but the essentials of 
the analvses of the signals follow similar paths. 
l. Where To Start 

For design and analysis work, a real system is normally first identified using 
many terms such as linear or nonlinear, discrete or continuous, etc. Which collectively 
serve to fully define the system so that an appropriate mathematical model may be 
developed for analytical study of the system and Its response to various excitations. The 
result of a tvpical analvsis is the description of svstem motion in terms of its 
displacement+ expressed as a function of time. From this point, time derivatives of the 
displacement function may be taken to obtain expressions for velocity and acceleration 
and the motion may then be discussed in terms of any of these parameters. 

Similarly, in the practice of measuring and analvzing the vibrations of real 


systems, the starting point is a time history of the motion received as either the 


4 The term displacement is used in its most general sense; it may include translational and/or 
rotational components. 
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displacement, velocity, or acceleration amplitude versus time. A single time history 
record is referred to as a sample, and a collection of samples is referred to as an 
ensemble. Equation (i) represents the total, but finite. ume history of a given process 
as being a set (ensemble) of N individual time history records (samples). Figure 2 


displavs the concept graphically. 
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Figure 2. Time history of x(t) represented as an ensenible of N samples. 


2. Random Vibrations 
Processes in general can initially be classified as either deterministic or 
non-deterministic. Deterministic processes are those which have events that repeat 
themselves exactly and at fixed intervals. For deterministic processes, only one sample 
is required in order to predict (determine) future events. Processes which cannot be 
classified as deterministic are called non-deterministic or random or stochastic, and 
statistics and probability theory are relied upon in order to studv and describe the 


processes and the svstems which they represent. Although many processes may 
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sometimes be adequately modelled as being deternunistic, all real processes are 
technically classified as random processes. 

Using statistical averages of their data, random processes may be further 
classified as being either stationary or non-stationary. A stationary process is one where 
each of all possible statistical properties as averaged over the ensemble converges to to 
a finite value as the number of samples in the ensemble increases. A non-stationary 
process 1s one where any one statistical property fatls to converge. A weakly stationary 
process 1s one Where not all statistical properties, but at least certain essential ones, have 
convergent limits. The basic criteria normally applied to establish weak stationarity are 
that the mean value, equation (2), the mean square value, equation (3), and the 


autocorrelation, equation (4), have convergent limits. 
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Authors differ somewhat with regard to which statistical values should 
specificallv be included in the criteria used to establish stationaritv. Bendat and Piersol 
[Ref. 7] perhaps stated it most appropriately in saying 


For the special case where all average values of interest remain constant with 
changes in the time t,, the data are said to be stationary. 


This would make it a case-specific determination. Ín practice, proving a process to be 
weakly stationary 1s usually sufficient to allow the process to be treated as if it were fullv 
stauonary. Bendat and Piersol [Ref. 7] expand on this where thev state 
In most laboratorv experiments, one can usually force the results of the experiment 
to be stationary by simply maintaining constant experimental conditions. For 


example, if one is interested in the surface pressures inside a pipe due tomm 
Velocity air flow, stationary data will be generated if the air flow velocity, density, 


16 


and temperature are held constant during each experiment....In many field 
experiments as Well, there 1s no difficulty in performing the experiments under 
constant conditions to obtain stationary data. 


The classification of a process as either stationary or non-stationary gives an idea of the 
“degree” of randomness of the process and serves as an indication of how relevant and 
meaningful statistical values may be in describing the process. 

A further classification of stationary processes is in identifying them as either 
ergodic or non-ergodic. A stationarv process is ergodic if the values of statistical 
properties as averaged over time for a single sample (equations (5), (6), and (7)) vield the 


same values as obtained to establish stationarity (equations (2), (3).and (4)). 
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This implies that, similar to the case of the deterministic process, onlv a single sample 
is required in order to obtain information about the entire process history. Another time 


domain estimate5 of importance is the cross correlation, equation (8). 
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By taking the Fourier Transform of the time history records, the data are 
transformed into the frequency domain. In this domain there are several spectral 


estimates of importance; namelv, the linear spectrum (equation (9)), the power spectrum 


5 [he term estimate is used because, although values are theoretically defined by integrals 
taken over all time, actual values are computed for finite record lengths, thus they can only be 
estimates of the true values. 
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(equation (10)), the cross spectrum (equation (11)), the frequency response function 


(equation (12)), and the coherence (equation (13)). 
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where: 
FT = Fourier Transform 
F* denotes the complex conjugate of 7, 


G;, denotes the complex conjugate of G,, 


3. Stochastic Modelling and the Fast Fourier Transform 

Bv using trandsucers to convert phvsical motions into electrical signals which 
are then displayed on a CRT. a model of the actual process 1s being generated; in the 
case of machinerv vibrations which are random), it 1s a stochastic model. 

The analvsis of time signals and their spectral representations is not new. Thev 
have long been studied by many, especially by electrical and electronics personnel. and 
activity increased tremendously after the coupling of the Fast Fourier Transform with 
solid-state and computer technology developments. As a result, many of the vibration 
analvsis techniques used today regarding time and frequency domain displays of the 
same data rely on a few basic relationships which are well established and tested. 
Therefore, much of the vibration analyst's work is left to relating the signal information 
from the stochastic model to what is being shown about the real system 1t represents. 
The clear and precise spectral display of periodic signals 1s what gives spectral analvsis 
its strength as a machinery diagnostics tool, especially when one recognizes that when 
machinery is operating, the forces and motions produced are very highly cyclic, 
especially in the case o” rotating machinery. Just as anv function may be represented 


as a Fourier series sum of sine and cosine functions of various discrete frequencies and 
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amplitudes, a machine’s overall vibration signai may be viewed similarly. When the 
signal is decomposed, tne discrete frequencies and amplitudes obtained can be directly 


related to specific components and. or conditions occurring inside the unit. 


B. MEASUREMENT AND PROCESSING FUNDAMENTALS 

In the acquisition, processing, and display of vibration data, there are certain terms 
and aspects which should be understood in order to effectively measure and analyze the 
signals; and if designing a svstem, some are crucial to understand so that the appropriate 
hardware;software items are included in the design to minimize errors. Solid-state 
analyzers often have all required components already incorporated in their design. Even 
so, knowledge of these aspects will assist greatly in a user's choice of signal displav 
format and its interpretation. Each of the following subheadings briefly introduces some 
of the more important terms and aspects. 

I. Aliasing 

Aliasing is a problem which occurs when there is no prefiltering of the raw data. 

For a given frequency span selected for analvsis, the absense of anv prefilters will result 
in frequency components above the upper limit of the selected span to be reflected or 
“folded back” into the span being analyzed. The reason for this 15 related to the rate at 
Which the data is sampled. A common example of this is the apparent reversed rotation 
of a spinning object such as a car tire as it turns at different speeds. Blackburn [Ref. 8] 
uses the wagon wheel example, but one perhaps more common to engineers might be the 
apparent rotation reversals of a spinning shaft as viewed under a strobe light while the 
shaft speed varies. Elimination of this effect 1s attained bv ensuring that the data 
sampling frequency is at least twice the maximum frequency desired to be analyzed. It 
1s accomplished in practice by prefiltering the data with a low-pass filter (called an 
anu-aliasing filter) set at the maximum frequency to be analyzed. Off-the-shelf analyzers 
have an anti-aliasing filter incorporated in them; often they are reset automatically to the 
maximum frequency that the user selects for a particular measurement run. 

2. Leakage 

Leakage 1s a phenomenon occurring when unweighted non-periodic samples are 

processed. If a perfectly periodic signal is sampled such that the beginning and end of 
each sample coincides with the period of the signal and at its zero crossing, then the 
unweighted FFT of that sample will be accurate. However, a non-periodic signal will 
have an FFT display where the amplitudes are distortedly spread out across the domain 


of the display. To counteract this effect, the data is multiplied by a weighting function, 
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commonlv called a windowing function or simply a window, which has the effect of 
shaping the data in the sample so as to force the amplitudes at the beginning and end 
of the record toward zero. In this way, the data is forced into a periodic form and 
“accurately” transformed by the FFT into the frequency domain. The word accurately 
is used in quotes because this windowing process distorts the data from its true nature 
Which means that all the displaved frequencies and ainplitudes will not be exact, but 
these inaccuracies are overcome by reanalyzing portions of the data over smaller 
frequency spans to improve the resolution. There are several basic types of windows, 
each for a specific application, and there are many variations on several of these types. 
Off-the-shelf analyzers generally offer selection from a listing of several windows and 
some provide a user-defined window opuon so that the user may enter his/her own 
Weighting function. Computer-based svstems normally include these as menu-selectable 
Items Which come with the software. 

It is often this problem of leakage which demands that several measurement 
runs be made covering various frequency spans in order to complete a diagnostic study. 
Use of smaller spans will improve both the amplitude and the frequency resolution. The 
selection of how small to go and when to stop is up to the analyst and usually based 
upon what ts being searched for and how accurate the results need to be. In diagnostic 
work, the refinement mav be quite detailed; in machinery. monitoring applications 1t is 
less important what the degree of refinement and more important that the measurement 
parameters be consistent from one set of readings to the next. 

To show the effects of leakage, a measurement was taken using a uniform 
window. The measurement display is shown in Figure 3. The wide spread of the peak 
at 30 Hz shows how the phenomenon of leakage presents itself. Ideallv this peak should 
appear as a straight vertical line at 30 IIz indicating a vibration which is. physically 
related to some machinery event occurring at 30 Hz (1800 rpm). In this case it was shaft 
imbalance where the shaft speed was 1800 rpm. 

3. Windowing 

Windowing is the application of weighting functions to the raw data samples. 
Of the many types of windows, four of the more commonly encountered ones are 
mentioned here; uniform, exponential, Hanning, and flat top. 

The uniform window, also called the rectangular window, is merely a unit step 
function. Its affect on the sample is to weigh all components equally. It is mainly used 
for transients, impulses, or any other self-windowing signals where the amphtudes 


naturally attenuate to zero by the end of the time record. 
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Figure 3. Measurement taken using the uniform window. 


Ihe exponential window may be used for helping force transients to zero by the 
end of the time record, if necessary, or sometimes merelv to help reduce the effects of 
noise. For example, an eight millisecond time sample mav contain a transient which dies 
out in three milliseconds. What is left is five milliseconds of nothing except whatever 
noise might be present. An exponential window may be applied which attenuates to 
zero at around three milliseconds to eliminate the five milliseconds of noise from the 
signal.[Ref. 9] 

Ihe Hanning window is perhaps the most commonly used for nonperiodic 


signals. The Hanning function is given bv 


dnt 
I 





uj) — I — COS iO en (14) 
This window heavily shapes the beginning and end of the sample to zero and its 
representation in the frequency domain appears as a very tall and narrow central lobe 
located at mid-span in the frequency domain display, with a series of successively smaller 


side lobes on either side. This shape results in rapid amplitude attenuation either side 
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Figure 4. Measurement taken using the Hanning window. 


of center span but gives very good frequency resolution, thus it is a common choice 
when accuracy of frequency readings is important. Of course, the overall problem of 
leakage still exists; therefore, the absolute resolution of spectral line location will also 
sull depend on the span of the baseband. 

Figure 4 shows the results of the same measurement that was made to obtain 
Figure 3, but this time using the Hanning window. The spectral peak at 30 Hz is seen 
to be much better resolved. It can also be seen that the distortion caused by using the 
uniform window resulted in almost total masking of the spectral lines at 26.72 and 40.08 
Hz. In Figure 4, the special markers function was used to show the peak at 13.302 
and all of its harmonics which appear in the spectrum that indicate the presense of a 
significant event. [n this case it was a drive belt defect created by wrapping a piece of 
tape around the glued butt joint of the drive belt which gave a once per revolution 
vibration pulse. The use of the Hanning window clearly shows each discrete harmonic 


peak. 
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Figure 5. | Measurement taken using the flat top window. 





The flat top window is similar to the Hanning window, but has broader lobes 
and relatively flatter curvature at the top. This provides greater accuracy in amplitude 
measurements, but at the sacrifice of frequency resolution, and again the overall 
resolution depends heavily on the span of the baseband. Where accuracy of both 
frequency and amplitude are desired, the basic diagnostic approach would be to start 
with broad baseband measurements with the Hanning window to locate frequency 
ranges of interest, followed by measurements using smaller spans centered around 
particular frequencies of interest, and a final measurement made with the flattop window 
On a Very narrow span. In practice, for general maintenance monitoring work, only one 
window type and one or two baseband spans would normally be used; otherwise, the 
analysis would be endless and the number of interpretations and comparisons required 
in doing trend studies would be enormous. The detailed analysis routine would only be 
done on a case by case basis where initial testing of a particular machine indicated that 
it should be diagnosed more thoroughly. The measurement made using the Hanning 
window (Figure 4) was repeated using the flat top window and is shown in Figure 5. 


It can be seen how the Hanning window results in thinner, sharper spectral peaks which 


gives good definition to the spectral locations (frequencies) of the periodic events 
occurring in the process being measured. In contrast, the flat top window gives better 
amplitude accuracy but, as seen in the widened and rounded-off appearance of the 
spectral peaks, the frequency resolution is poorer. Similar to the Hanning window, the 
flat top window was also very good at clearly showing the drive belt defect and its 
harmonics. 


4. Averaging 
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Figure 6. Average after 10 samples. 








As the name implies, averaging means acquiring the averaged result of N 
samples; however, there are several methods of averaging that are used. RMS 
(root-mean-square) averaging is accomplished by averaging the transformed data 
samples. That is, the time records are transformed via FFT and then averaged. RMS 
averaging tends to smooth out the display of information by causing the amplitudes to 
tend toward their mean values. [t does not actually improve SNR (signal-to-noise ratio), 
it merely causes both the signal and noise to average out to their respective mean values. 


The number of samples to be included in the average is selected by the user and is 
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Figure 7. Average after 160 samples. 





normally based upon two criteria: the degree of noise contamination of the signal, and 
the type and accuracy of information that the analvst wishes to obtain. 

To show the affects of averaging. measurements of the same process were taken, 
each with a different number of samples included in the average; the results are shown 
in Figure 6 and Figure 7. Comparison of these figures shows how the signals of interest 
are made clearer as both the signals and the noise in the data approach their mean 
values. Although there is rather small change in the amplitudes except for several 
discrete frequencies near 10 Hz, this is not alwavs the case. The use of the relatively 
small baseband span of only 100 Hz will, by itself, tend to give fairly good resolution 
within only a very few averages. What does become clearly resolved are the discrete 
frequency components of the data which initially are obscured by the noise. In addition 
to the improvement of the display through the use of averaging, the resolution was 
further enhanced in this case by the use of the Hanning window in taking these 
measurements. [he slight width to some of the peaks may appear to be due to leakage. 


Their widths are more directly attributable to the fact that these are power spectrum 


measurements and due to there having been a slight bit of wander in rpm during these 


particular test runs. 


5. Amplitude Scales 
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Figure 8. Displays using linear amplitude scale (upper) and decibel scale (lower). 


Amplitudes may be displaved in terms of linear, log, or decibel scales. Decibel 
scales are by far the popular choice, mainly because of the ability to displav both large 
and small amplitudes at the same time and with equal resolution.6 The decibel is defined 


as 


EP measured value 
SN reference value LS 


Time domain data are normally expressed in raw form, ie., using a linear amplitude 
scale, whereas frequency domain data are most often expressed using the decibel scale. 


A comparison between linear amplitude and decibel scales applied to the same measured 


6 All decibel scales for the figures in this paper are referenced to unit value of the dimension 
of the scale. 


data is shown in Figure 8. The figure shows a classic gear-related phenomenon called 
sidebanding. The main central peak at approximately 1350 Hz 1s associated with the 
frequency of tooth mesh, and the sidebanding frequency of 30 Hz is associated with the 
shaft speed of one of the gears. The usefulness of the decibel scale is seen bv noting that 
there is also a sidebanding frequency of three Hz present, a fact that is barely visible in 
the linear amplitude scale display. 
6. Miscellaneous Definitions 
There are certain other terms which one should at least be familiar with in order 
to easilv follow discussions of vibration analysis methods. For brevity, these are 
summarized here in definition format. Most of these were taken directly from the 
glossary of terms contained in a technical publication which discussed dynamic signal 


analyzers and their application in vibration work [Ref. 10]. 


Aliasing A phenomenon which can occur whenever a signal is not sampled 
at greater than twice the maximum frequency component. 
Causes high frequency signals to appear at low frequencies. 
Alhiasing is avoided bv filtering out signals greater than 1] 2 the 
sample rate. 


Anti-aliasing filter A low-pass filter designed to filter out frequencies higher than 12 
the sample rate in order to prevent aliasing. 


Averaging Ina DSA (Dynamic Signal Analyzer), digitally averaging several 
measurements to improve accuracy or to reduce the level of 
asvnchronous components. 


Band-pass fliter A filter with a single transmission band extending from lower to 
upper cutoff frequencies. The width of the band is determined 
bv the separauon of frequencies at which amplitude is attenuated 
PAU 


Bandwidth The spacing between frequencies at which a band-pass filter 
attenuates the signal by 3 dB. In a DSA, measurement 
bandwidth is equal to [(frequencv span) (number of filters)] x 
(window factor). Window factors are: 1 for uniform, 1.5 for 
Hanning, and 3.63 for flattop. 


Block size The number of samples used in a DSA to compute the Fast 
Fourier Transform. Also the number of samples in a DSA time 
displav. Most DSAs use a block size of 1024. Smaller block size 
reduces resolution. 


High-pass filter A filter with a transmission band starting at a lower cutoff 
frequencv and extending to (theoretically) infinite frequency. 

Keyphasor A signal used in rotating machinery measurements, generated bv 
a transducer observing a once-per-revolution event. The 


kevphasor is used in phase measurements for analvsis and 
balancing. (Kevphasor 1s a Bentlev-Nevada trade name.) 
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Leakage In DSAs, a result of finite time record length that results in 
smearing of frequency components. Its effects are greatly 
reduced by the use of weighted window functions such as flattop 
and Hanning. 


Low-pass filter A filter whose transmission band extends from dc to an upper 
cutoff frequency. 

Octave The interval between two frequencies with a ratio of 2 to 1. 

Spectral map A three dimensional plot of the vibration amplitude spectrum 


versus another variable, usually time or rpm. Also known as a 
cascade plot or waterfall plot. 


Tracking filter A low-pass or band-pass filter which automatically tracks the 
input signal. A tracking filter is usually required for aliasing 
protection when data sampling is controlled externally. 

C. SIGNAL MEASUREMENT AND PROCESSING EQUIPMENT 
l. Transducers 
The proper selection of transducers is one of the more important choices to 
make in the initial design of any vibration measurement system. A myriad of types and 


specific models suited for special applications are available from which to choose. 
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Figure 9. Acceleration measurement. 
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Figure IO. Velocity measurement. 


The first consideration is to select between a displacement, velocity, or acceleration 
transducer as a basic type. This decision is largely based upon the type of equipment 
to be analvzed, the frequency range to be analyzed, and the specific purpose of the 
analysis. Figure 9 through Figure 1 1show three different displavs of the same measured 
data. The first one shows a vibration acceleration measurement that was taken which 
Was then integrated twice to yield displays of vibration velocity (Figure 10) and 
vibration displacement (Figure 11). The distortion present in the velocity and 
displacement displays near zero Hz is due to the integration process done by the signal 
analyzer; actual measurements taken directly with velocity and displacement transducers 
would not exhibit this distortion. This shows how the choice of units will varn the 
appearance greatly. These differences can be used to advantage in the following way; 
to enhance low frequency events (such as imbalance and misalignment), use 
displacement measurements; to enhance high frequency events (such as the onset of 
rolling element bearing defects), use acceleration measurements. 

For general overall severity of vibration, velocity is normallv chosen since it 


allows for comparisons that are essentially frequency-independent and, therefore, also 
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Figure 11. Displacement measurement. 


requires the least dynamic range of the three. In general, displacement types are 
recommended for frequencies up to approximately 600 Hz, velocity types for the range 
from approximately 10 to 1000 Hz, and acceleration types for all higher frequencies. 
The limits are mainly imposed by the natural frequencies and the inertial properties of 
the transducers. Another consideration is the mechanical impedance of the 
measurement point(s). If vibrations are transmitted poorly to the casing, as is the case 
where hydrodynamic bearings are involved, then direct measurement of the shaft motion 
with a displacement transducer (a.k.a. proximity probe) is needed. For general 
measurements via hand held probes using portable meters, velocitv transducers are the 
more suitable choice. By far, however, accelerometers are used in almost all other 
situations. Current technology provides accelerometers which are suited to a wide range 
of applications. An added advantage is that, with simple integrating circuitry, the 
acceleration signal may be converted to velocity or displacement with little measurable 
introduction of noise. However, if one of the other tvpes is used and differentiation is 
done to convert the signal to another form, the signal conditioning process involved 


generallv adds significant noise to the signal. 
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2. Signal Conditioners 

Velocity transducers require no signal conditioning since the principle of 
operation (spring-loaded magnet moving through a housing-mounted coil which induces 
an electro-motive force in the windings of the coil) generates its own output voltage 
signal. But displacement and many accelerometers require signal conditioning 
equipment. Accelerometers are available which contain integrated circuitry which allows 
them to be directly connected to an analyzer provided that the analyzer is designed to 
accomodate this. In some cases, signals may require amplification and this normally is 
attained by line power amplifiers in place of the line power units. Also, all signals will 
be required to pass through anti-aliasing filters which, technically, should be included 
as a tvpe of signal conditioner, however, manv analvzers will usually have these designed 
into their hardware which makes them go unnoticed and often forgotten. 

3. Portable Equipment 

Portable meters of more common use are displacement meters, velocity meters, 
and sound level meters which measure wideband overall levels of vibration or sound. 
In general they are used to satisfy simple periodic monitoring needs regarding the 
equipment of secondary importance in predictive maintenance programs. and are used 
as the primary detectio* and measurement devices in lower level monitoring programs. 
Again, many varieties abound, some have selectable units of their displavs to allow 
either displacement or vziocity measurements to be made with the same meter. others 
have different filtering capabilities such that either overall unfiltered or filtered wideband 
readings mav be taken. and some include switchable settings to allow displav of either 
peak or rms values. These meters are of general use to plant operators who wish to take 
overall periodic readings on specific units and thev can be used quite effectively for 
maintenance monitoring applications, but onlv on a small scale, and they are not 
adequate for detailed diagnostic work. 

Aside from the meters, there are many compact portable solid-state analvzers 
with FFT capabilities, screen display of spectra, and printed output of tables or graphs. 
Computer technologv has made these units powerful and affordable, and thev may 
suffice for maintenance monitoring needs, but thev are not fully adequate for 
comprehensive diagnostics, especially when compared to the larger, more sophisticated 
dynamic signal analvzers. 

4. Non-portable Equipment 
Semiportable equipment includes devices which are essentially larger, more fullv 


functioned vibration meters which have adjustable or tunable filters plus other 
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nuscellaneous options. Several known designs operate by manually tuning the 
narrow-bandpass filter up through a frequency range of interest and observing 
deflections on the frequency and amplitude meters that are mounted on the device. 
Many of these can be connected directly to X-Y plotters to generate spectral displays 
and some are fitted with strobe light connections which enable a strobe light to be 
triggered by the incoming vibration signal. This can be a big time saver in many 
instances by helping to isolate which component in a group is the one that contains the 
faulty condition, especially when the component is out in the open such as when the 
defects are associated with the drive belts of an assembly. As various attributes and 
special functions are added, these units evolve into more highly sophisticated units 
known as real time analyzers or dynamic signal analyzers. These have digital filters, 
analog-to-digital converters, built-in microprocessors with preprogrammed FFT and 
many other special functions which are usually menu or soft key selectable from the 
main control panel. Input signals from transducers are received as analog signals which 
get prefiltered, digitized, then processed, and many also have conventional input output 
ports for access to and from digital sources and storage media. These are extremely well 
equipped to handle most diagnostic needs. The next step up from the dynamic signal 
analyzers is a totally computer-based system. Various companies carry lines of hardware 
and software which provide a user with all that is required to establish a complete 
diagnostic svstem. Computer-based systems are typically only used in verv large plants 
where, mainly based on the economics of the situation, it is more advantageous to opt 
for a continuous monitoring system and or there are a verv large number of monitoring 


Points 10 be covercd:, 


D. TIME DOMAIN 

As previously mentioned, there are occasions when an analysis may be done directly 
in the time domain. At least in some cases the time waveform can give immediate 
indications which, even if not useful to directly identify a specific fault, might be useful 
in classifving an event which helps determine appropriate subsequent techniques, and 
often it can be used to support observations made in other domains. The impulsive 
events associated with bearings and gears, the appearance of modulations which are 
common in faulty bearings and gears, and the truncation of amplitudes occurring when 
mechanical looseness is present are all instances when the time domain waveform shape 
or pattern may help lend strong direction to continued analysis efforts. Transient events 


are also verv clearlv displaved, making the time domain a natural one to use for their 


study. Several specific time domain measurements and techniques are of particular 
importance; a brief discussion of each follows. 
l. Analysis Measurements 
a. Autocorrelation 

Recognizing that the prefix “auto” means “self”, the term autocorrelation 
becomes self-explanatorv; it 1s essentially a measure of a signal's correlation with itself. 
Referring back to equation (6), it 1s not a single value, but rather a distributed function 
of the independent time variable t, which is why it is more properly referred to bv its full 
name, the autocorrelation function. The function is obtained by multiplying the signal 
by an increasingly time shifted version of itself. In doing so, any periodic content in the 
signal will be reinforced and anv nonperiodic content will eventually die out. 

The autocorrelation function serves as an indicator of the periodic content 
of a signal. As such it may be useful in detecting the presense of periodic events which 
are hidden in signal noise. An example of this is shown in Figure 12 where the 
autocorrelation and the filtered linear spectrum for a particular event are shown. For 
this measurement, a 15-tooth gear and a 50-tooth gear were running in mesh. lightly 
loaded, and the 50-tooth gear had one tooth intentionally removed. The shaft speed for 
the defective gear was 300 rpm. The autocorrelation measurement shown has a basic 
periodic wave whose period is 3.125 milliseconds as measured from peak to peak using 
the cursor controls. {his corresponds to a frequency of 320 Hz, just a little higher than 
the meshing frequency which is discretely shown in the accompanying linear spectrum. 
The difference is due to the digitization of the data and the resolution attainable for the 
frequency span that was used for the measurement. The distinctive periodic spikes in the 
autocorrelation arise due to the missing tooth which creates a periodic impulsive strike. 
When a synchronized trigger signal is available, tine averaging is the better technique 
to use to separate the signal from the noise. 

b. Cross Correlation 

The cross correlation is a two channel measurement that shows the degree 
of time domain similarity between the two signals. In the autocorrelation measurement, 
signal components which were similar (periodic) Were reinforced when the signal was 
compared to itself. Lik-wise, the cross correlation is obtained by multiplying the signal 
on one channel by an increasinglv time shifted version of the signal on the other channel. 
Both measurements enhance those components which are similar, but only the 
autocorrelation measurement may declare them to be periodic because the similarities 


are in the same signal. 
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Figure 12. Autocorrelation and filtered linear spectrum measurements of gear train 


events. 
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c. Crest Factor 
The crest factor is determined bv ratioing the averaged peak amplitude to 
the averaged RMS amplitude. This factor provides a quantitative measure of a signal 
pattern. In gear analvsis, it gives indications of certain specific conditions. For example, 
a broken tooth will raise the peak level but have minor influence on the RMS level; 
conversely, heavy overall wear will reduce RMS values but show little change in peak 
values. [Ref. 11] 
d. Kurtosis 
Kurtosis is defined as the fourth central moment of the data normalized by 
the square of the variance. It functions similarly to the crest factor in that it is a 
numerical value which reflects changes in peak levels or the number of peak impulses 
occurring. Kurtosis measurements have been successfully applied to both gear and 
bearing analvses. Normal values are taken to be around 3.0; as defects begin to appear, 
the kurtosis value increases. For rolling element bearings, the values will grow to around 
10, then as the defects spread and overall degradation occurs, the kurtosis value begins 
to fall again back toward the initial level. This is noted in a Bruel & Kjaer publication 
eet 12) and supported bv research done by Reif and Lai [Ref. 13], Swansson and 
Favaloro [Ref. 14]. Stronach. Cudworth, and Johnston [Ref. 15]. and many others. As 
explained by Braun [Ref. 9]. crest factor and kurtosis measurements are able to be 
meaningful measures of peaks in the signal because of their relation to the probability 
density function of the data. The probability density function will be affected at its 
extremeties by peaks occurring in the process, and moments of the data will reflect 
changes in these portions of the probabilitv density funcuon curve. 
2. Analysis Techniques 
a. Tune Domain Averaging 
Time domain averaging (a.k.a. time averaging, synchronous averaging. or 
linear averaging) 1s a special technique used to greatly improve the SNR and to focus 
measurement on one particular component or event occurring m a machine. In this 
technique, a kevphasor or other timing signal is used to trigger the start of each sample 
record data capture. In this wav, any events that are svnchronous with the trigger will 
appear at the same offset in each sample record; all non-svnchronous events will occur 
at random times throughout the samples. As the number of records sampled increases, 
there 1s greater reinforcement of synchronous signal amplitudes and greater attenuation 
or cancellation of asynchronous signal amplitudes. Since anv noise in the data will be 


totally random, it too will eventually average out to zero, leaving a very clean time trace 
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of only the synchronous events. This technique 1s of particular use in analyzing 
gearboxes. Even when intending to analyze a gear or shaft event on a gearbox 
component which is "buried" (1.e., its shaft does not penetrate the casing), the technique 
may still be used by triggering off either the input or output shaft and incorporating a 
multipler in the signal line which can multiplv the signal pulses bv the appropriate factor 
to time the signal to the component of interest; the correct factor is obtained from a 
knowledge of the gearbox component geometry. Ás tested in gear analyses by Favaloro 
[Ref. 11] and McFadden [Ref. 16], it gives results which provide more tham .nmans 
detection; the data can be displaved in a form which gives a direct graphic display of the 
geometrv of the event. A difficulty to be overcome when using the technique is the 
accurate timing and tracking of the event as machine speed mav vary slightly. Snuth 
[Ref. 17] states that an inaccuracy in speed tracking of onlv one-tenth of one per cent 
will eive severelv degraded results if more than eight averages are taken; often several 
hundred may be required. Favaloro [Ref. 11] presents the mathematic formulae for 
obtaining the signal average, equation (15), and the correlation coefficient, equation 
(16), and states that the signal average 1s assumed to be stable when the correlation 
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where: 
n = total number of data points in a record 
N = number of records averaged 


T =- coherence time. or time for one gear revolution 
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E. FREQUENCY DOMAIN 
Much of the work done in mechanical vibration analysis is done in the frequency 
domain. Especially with regard to rotating machinery which can be viewed as a 
collection of periodic events occurring simultaneously, the FFT of the time signals 
provide very discrete information about each specific event involved. The time domain 
methods mentioned earlier are mostly geared toward investigations of specific events 
that are known to be present or specifically searched for. The methodologies in the 
frequency domain tend to be more investigative in nature in that, more often than not, 
they are used to sce what events are occurring at unacceptable levels as opposed to 
selectively searching for fine details about events that are known to exist. So for routine 
diagnostic work the analysis generally begins more globally to scan for trouble areas 
shown in the spectral displays, then follow-up scans at higher resolutions (smaller 
frequency spans) are conducted to isolate and better define specific faults. The measures 
obtained are quantitative, but mostlv on a relative scale rather than on an absolute scale. 
Mere ate certain absolute standards im existence, e.g. ISO 2372 published by the 
International Standards Organization, and many manufacturers publish their own 
reconimendations and guidelines for acceptable levels of vibration that their products 
should show in service. Most of the literature shows, though, that the end users of 
vibration analvsis equipment generally have their own in-house standards and limits 
which often are far more stringent than those mandated or recommended bv outside 
sources. Manv of the limits used in maintenance monitoring programs are based on 
relative changes in amplitudes detected between two consecutive readings, and it may 
often occur that this tvpe of criteria is violated before any fixed absolute limits are 
approached. Some of the more commonly used measures and techniques done in the 
frequency domain are briefly discussed below under separate headings. 
I, Analysis Measurements 
a. Line Spectrum 
A line spectrum 1s simply the Fourier Transform of the time signal of the 
motion being measured. This is by far the most commonly used measure in spectral 
analysis as applied to machinery diagnostics. It incorporates the three basic pieces of 
information normally looked for: which frequencies are showing high amplitudes, what 
are the amplitudes, and how do they compare to each other and to previous records. 
The vibrations are highly direction oriented and this is of great importance in conluding 
What faults exist. Therefore, it is common to take readings in three coordinate 


directions; two radial readings mutually perpendicular, and one axial reading. With this 


information at hand, the analvst is well-equipped to commence comparisons of the data 
to identify the sources of trouble. Line spectrum measurements are obtainable through 
the use of a single channel, that is, a single transducer signal fed into a signal analyzer 
or FFT processing device, and this is what is normally done for routine monitoring work. 
In the case of detailed investigative diagnostics carried out on a particular machine to 
locate one or more problems which could not be isolated by the information provided 
by monitoring data alone, there would normally be a second transducer or at least a key 
phasor used in order to provide phase information. This is the main drawback to all 
forms of single channel measurements which do not use a kevphasor, they can provide 
no phase information. 
b. Antospectrum 
The autospectrum (also known as the power spectrum) gives a measure of 
the power contained in ‘he signal at various frequencies. Although not normally used 
in machinery diagnostics to any great length, it can provide a means to quickly see where 
the problem areas are and where the analysis should focus its attention. As such, it can 
find usefulness in diagnostic work, but is not useful in maintenance monitoring activities. 
Readings of the power levels in the signals are of greater interest and use to acoustic 
engineers Working on noise control methods and analvses. It also can, and usually 1s, 
obtained as a single channel measurement and, as with the line spectrum, will provide 
no phase information when so obtained. 
c. Cross Spectrum 
The cross spectrum is a two channel measurement which gives a mixture 
of inforination regarding the power spectruin of each of the two signals. Referring back 
to equation (11). it represents the amplitude product of the two spectra and the phase 
difference between them. It is mainly used in the computation of the transfer function 
Which 1s obtained by dividing the cross spectrum by the power spectrum of the input 
signal. Bevond this, the literature gives very little mention of this measurement; it 
appears to be of little use in diagnostic work to date. 
d. Frequency Response Function 
The frequency response function is a two channel measurement which gives 
the ratio of a system's output to its input. It contains both magnitude (gain) and phase 
information displayed as functions of frequency. The measurement is normally used in 
modal analysis work for determining natural frequencies, damping factors, and other 


structural response characteristics. 


e. Coherence 
Coherence is a two channel measurement which indicates the amount of 


power in the output power spectrum that is related to the power in the input power 
spectrum. It is a function with amplitude ranging from zero to one and plotted as a 
function of frequency. It provides an index of the quality of the transfer function 
measurement and, consequently, should alwavs be reviewed before any gain or phase 
information from the transfer function is accepted as valid. Coherence values less than 
unitv are normally due to poor resolution (frequency analysis span too large), nonlinear 


system behavior, uncorrelated noise, or uncorrelated input signals [Ref. 7]. 
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IV. MACHINERY DIAGNOSTICS MODEL 


A. MODEL DESIGN AND DEVELOPMENT 
Since the most useful aspect of the model was to be its ability to show machinery 
faults and their characteristics, no specific detailed design was required; however, the 
selection of components and their fabrication and assembly were carried out with care 
and precision to ensure that the model could also give vibration patterns representative 
of machinery that was well-balanced, well-aligned, and in otherwise normal, defect-free 
condition. Jn this way, meaningful comparisons between normal and abnormal 
conditions could be made. The faults intended to be included were damaged anti-friction 
bearings, damaged gears, rotating imbalance, mechanical looseness, defective drive belts, 
and misalignment. This assortment was feit to provide a reasonable number of common 
faults which could be incorporated into a single assembly whose size, weight, portability, 
and power and load requirements were within practical limits with respect to its intended 
immediate and future uses. 
|l. General Arrangement 
Figure 15 shows a plan view of the model. It consists of four parallel shafts 
which may be interchangeably driven bv either gears or flexible belts. The first thiee 
shafts as viewed from right to left were used in conducting misalignment, gear defect, 
and bearing defect experiments; the fourth shaft was used in conducting imbalance, drive 
belt defect. and mechanical looseness experiments. The specific construction of the 
balance discs on the fourth shaft also allow them to be used to demonstrate a typical 
rotor balancing procedure which mav be of use in future vibration laboratory exercises. 
The drive selected for the assembly was a one fifteenth horsepower, variable 
speed, permanent maguet dc motor. The motor controller provided constant speed 
control and had two separate speed setting knobs, one graduated from zero to 100 per 
cent (100 per cent gave a no load speed of 2650 rpm), and one for extended speed range, 
graduated from 100 to 200 per cent. It was also equipped with a three-amp circuit 
breaker and a switch to change motor rotational direction. A dc ammeter was installed 
to measure motor current draw which was used as an indicator of relative load. The 
actual load was not a required measurement for the experiments that were conducted, 
but it was necessary that manv of the runs be done at the same load for sake of making 


valid comparisons of other parameters, and the meter served this purpose. 
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Plan view of the model 


igure 13. 
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Initially, an arrangement using a small 60:1 speed reducer run in reverse was 
used as a load to be driven bv the third shaft of the gear train. Its availability and lack 
of need for ancillary equipment were prime reasons for its selection. This unit was 
suflicient to provide a countertorque which required approximately half the motor rated 
current and was a very steady load. Unfortunately, the arrangement suffered several 
material failures and associated complications in its connection to the gear shaft and it 
Was eventually abandoned in favor of a direct friction drag on a disc mounted on the 
forward end of the third shaft of the train (the disc 1s not shown in the figure; a small 
single groove pullev can be seen in the place where the disc was mounted). Although 
the friction drag was acceptable for most of the experiments that were conducted, a load 
source with greater stability would be required to avoid any speed changes due to load 
variations 1f more detailed experiments are planned for this model. 

2. Component Details 

The shafts were cut from a single six foot length of 0.375 inch (4- 0.0000 to 
-0.0002) C-60 case hardened and ground steel rod. The selection of material and 
tolerance Was intended to guarantee minimal deflection under load and a secure fit with 
mating components. 

The anti-friction bearings used were Fafnir model AS3K radial ball bearings 
with a static load rating of 312 pounds and a dynamic load rating of $830 pounds. The 
inside and outside diameters were listed as 0.3750 inch (+0.0000 to -0.0003) and 0.8750 
inch (+0.0000 to -0.0004). respectively. Ball diameter was measured to be 0.155 inch; 
and pitch diameter was calculated from the above dimensions as 0.675 inch. It was 
intended to obtain the lightest duty bearings as possible in order to keep required loads 
to a minimum; however, bearing sizes smaller than this would have greatly limited the 
size and selection of available gears to fit the same shaft. Obvious alternatives were to 
use a stepped shaft or to use as small a shaft as desired and install bushings in the gears 
to make up the difference in diameters. This led to two concerns; one was that bearings 
any smaller would be extremely difficult to disassemble, damage, and reassemble as was 
contemplated for the bearing study; the other was that adding more interfaces and 
material tvpes (1.e., the bushings) would be adding more places where signal attenuation 
might occur due to transmissibilitv losses. For a detailed study on either gears or 
bearings alone, the choices would be simple, but the combined effort made compromise 
a necessity. No thrust bearings were used anywhere in the design since the only axial 


loads present would be due to angular misalignment of the spur gears, and the small 


amount of axial load able to be absorbed by the radial bearings was assumed to be 
sufficient to handle any loads so generated. 

All the gears selected were common steel stock spur gears with three eighths 
inch face width, 14.5 degree pressure angle, and had no specified hardness or surface 
finish attributes. For detailed experiments of gears, these attributes would be of 
importance, but at the time of selection of these components no such studies were 
contemplated. Two 50 tooth, two 70 tooth, and four I5 tooth gears were obtained. The 
selection was guided by what was readily available in the 0.375 inch bore size and was 
otherwise based on what the meshing frequencies would be for various gear 
arrangeinents. This latter point was important in order to avoid overlapping of their 
events in spectral displays when the full train of gears was actively in mesh. 

The pullevs were fabricated from two-inch thick aluminum plate machined to 
provide radiused grooves to accommodate flexible belts of circular cross-section. 
Envisioned for light loads and primarily to be used for step up or step down of shaft 
Seeecds when the gears were fot to be in mesh, the round belts were considered to be a 
good choice because they were simple. effective, and inexpensive. The belts were made 
from straight lengths of three-sixteenths inch Buna-N type o-ring material which were 
cut to length and adhesively bonded. Several belt sizes were made, all similarly 
constructed. 

Two balancing discs were fabricated from one inch thick plexiglass in the shape 
of a gear blank. This shape was chosen in order to keep the weight concentrated near 
its periphery, aud a series of holes spaced at intervals of ten degrees were drilled and 
tapped in the outer rim to acconimodate cap screws that were used to create and alter 
the state and degree of imbalance. The specific use and arrangement of the holes was 
designed to allow the same assembly to be used for demonstrating a rotor balancing 
procedure, if desired, in future vibration laboratory sessions. The choice of plexiglass 
was made to ensure that the amount of imbalance required in order to have a noticeable 
affect would be minimal. 

The bearing blocks were fabricated from three-quarter inch aluminum plate and 
measured four inches high by two inches wide. These dimensions are common to all 
blocks except for the two ball bearing blocks on the third shaft which required slight 
mulling of one side of each block to provide extra clearance from adjacent gears. In each 
of five of the blocks there is a 0.875 inch straight bore located 2.75 inches from the 
bottom to accommodate the ball bearings. One of the blocks (the first one down from 


igemtop Of the figure on the last shaft of the gear train) has a 1.25 inch bore to 
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accommodate one of two special inserts that were made which were fitted with the 
undamaged and the intentionallv damaged ball bearings, one each per insert. The use 
of the inserts enabled a quick means to Change the bearings with minimal effort and 
movement of other components. The three remaining bearing blocks shown in the figure 
were each fitted with a nominal 0.375 inch bronze bushing; two of these blocks were the 
main bearings for the balance disc shaft, and the third block served as a steady bearing 
for the extended portion of the third shaft of the gear train. The bearing blocks could 
have been directly drilled and tapped to allow for stud mounting of the transducers, but 
it Was desired to also test out the use of magnetic mounts which is the method practiced 
bv the Navy in their machinery maintenance monitoring program. To satisfy this desire, 
small steel pads measuring one inch bv three quarters of an inch by one quarter inch 
thick Were fabricated «nd were drilled and tapped to accommodate the transducer 
mounting studs. These pads were finish ground and then aífixed to the tops and sides 
of the bearing blocks (some side mounts Were onutted due to clearance restrictions). In 
accordance with a special study regarding the attachment of transducer mounts, these 
pads were aflixed using a cyanoacrylate ester compound (super glue) which reportedly 
cave the most favorable overall performance in the transnussibility studies that were 
conducted. 

A three quarter inch plexiglass plate measuring 20 inches by 24 inches was used 
as the base for the assembly. Plexiglass was chosen because it was available on-hand in 
stock, Was very easy to work with. and (for the thickness used) it was considered 
sufliciently rigid to serve as a suitable foundation and vet help minimize the overall 
weight of the assembly. A thin nard rubber mat was laid beneath the base to secure it 
from sliding and to prevent anv vibrations which might be caused by the base resting 
on the hardwood countertop. Foam padding was initially used for this purpose, but it 
was found that this allowed excessive motion of the entire assembly which caused 
resonant frequencies of the model as a whole to appear in the spectral displays, 
especially during the imbalance studies. The use of the hard rubber mat avoided this. 

3. Component Assembly 

All ball bearings in the assembly were pressed into their housings (bearing 
blocks or sleeve inserts) and onto the shafts. Ali balance discs, gears, and pulleys were 
secured in place by means of set screws which were threaded through tapped holes in the 
hubs of the components to bear against the shafts. Each of the bearing blocks was 


secured by two 10-24 steel capscrews which were passed up through counterbored holes 


as 


in the base. For the biocks of the gear train, these holes were made slightly oversized 
to allow for small alignment adjustments in assembling the train. 

The input shaft was coupled to the three-eighths inch motor output shaft using 
a short section of one-half inch reinforced rubber hose that was force fit over the ends 
of the shafts. This was found to be sufficiently tight to transmit the torque of the motor 
without slippage and vet allow for small alignment inaccuracies as well as dampen out 
any motor related vibrations form the assembly. [wo ofthe 15 tooth gears are carried 
on this shaft between two ball bearing supports, the near end of the shaft extends 
through the forward bearing and is fitted with a double groove pulley. 

The intermediate shaft of the gear train carries two of the 50 tooth gears and 
one of the 15 tooth gears between ball bearing supports. Neither end of this shaft was 
extended to allow for individual drive via flexible belt since the size of the gearing made 
for verv sniall clearances between bearing blocks and moving parts at this point in the 
assembly. 

The final shaft of the train carries one of the 70 tooth gears at midspan between 
two ball bearing supports and extends forward through a steady bearing. The forward 
end of this shaft is fitted with either a small single groove pulley (as pictured in the plan 
view of the model) or the friction disc that was used to provide systen1 load. Alternately, 
any combination of pu''eys may be interchanged among the various shafts to suit the 
needs of the user, with the exception that there 1s insufficient clearance to mount the two 
large pullevs on the first and third shafts of the train simultaneously. 

The fourth shaft carries the two balance discs between plain bearing supports 
and two aluminum collars just outboard of the discs which served to limit axial travel 
of the shaft. In use, the hight weight of the assembly coupled with the freedom for axial 
travel allowed bv the use of the sleeve bearings would tend to make the shaft assume an 
axial position as determined by the pulley and belt alignments. The collars were merely 
provided in anticipation of the possiblity of belt failure or disengagement in operation 
and were secured to the shaft with sufficient clearance from the bearing blocks to 
preclude any rubbing contact which could create additional events to appear in spectral 
measurements. The forward end of the shaft extends through the forward bearing and 
is fitted with another double groove pullev which has two different diameters to allow 
some versatility in the speed step up/step down arrangement that may be desired. Upon 
completion of the assembly, the discs were turned so that their locating set screws were 
symmetrically offset. then one was secured in place via its set screws. The other disc 


was then rotated just enough to bring its holes into index with those of the first disc and 
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its set screws were then ughtened. Finally, the pulley and the two collars were similarly 
adjusted to have a symmetric distribution of their set screws before they were tightened. 
This procedure placed the final assembly in a state of near-nunimal imbalance which was 
considered sufficiently accurate to use as a baseline condition for future imbalance 
studies. 

The mounting of redundant gears on the first and second shafts of the train 
allowed for one set to be retained in good condition while the other could have defects 
intentionally seeded in, and changeover from one set to the other could be accomplished 
with as little variation in the set up and alignment as possible, thereby improving the 
validity of comparisons to be made. 

A close-up view of the gear assembly is shown in Figure 14 where the full train 
IS seen in mesh, and with the defective gear on the intermediate shaft pictured in mesh 


with the site of its mussing tooth appearing at the top of the gear. 


B. TEST EQUIPMENT 
An overall view of the model and measurement equipment layout is shown in 
Figure 15. Referring to the figure, the main components of the test equipment included 
a signal analyzer, a signal power amplifier rack, two accelerometers, a disc drive, an 
optical tachometer, a plotter, and a dc ammeter. A description of each piece of 
equipment follows. 
1. Measurement Devices 

For measuring shaft speeds, small pieces of reflective tape were attached to each 
shaft (or to components on the shaft) and an optical tachometer, AMETEK model 
number 1723, with an operating range of 100 rpm to 9999 rpm displayed the speed in 
terms of rpm on a LED readout. The dark coaxial cable leading from the back of the 
tachometer display and connected to the front of the analyzer was a later modification 
made to the unit which tapped into the once-per-revolution pulse signal it received from 
the optical probe and f^3 this as a trigger signal to the analyzer. This trigger was 
required in order to use the time domain averaging technique which the analyzer 
supports. 

A dc ammeter (seen best in Figure 13), Weston model number 901, was used 
to read motor current on a scale of zero to one amperes. The motor rated current is 0.75 
amperes; most experiments were run in the range of 0.25 to 0.50 amperes. This current 
reading was merelv used as a relative load indicator. For the experiments conducted, the 


absolute value of the load was not required to be measured; it was only necessary that, 
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Figure I3. Front view of model and measurement equipment. 
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where repeated conditions Were sought, there was a means to ensure that the loads were 
repeated as well. 

The transducers used were PCB Piezotronics, Inc. model number 302A06 quartz 
accelerometers, ground isolated with built-in amplifiers, rated for a frequency range of 
0.7 to 10,000 Hz, and with a voltage sensitivity of 10.01 mV/g. These were either stud 
mounted or, in some cases, magnetically mounted using the magnetic attraction bases 
(PCB model 080A27) provided with the accelerometers. In both cases, a thin coat of 
silicon grease was applied as a couplant/lubricant at all interfaces between the 
transducers and the mounts. The transducer cables used were PCB model 002C standard 
coaxial cables fitted with 10-32 micro and BNC plug connectors. 

2. Data Processing, Display, and Storage 

The transducer cables were connected to a PCB model 483A08 six channel 
power supply, amplifier fitted with individually adjustable gain settings from zero to 100. 
Gain settings of 10 on each channel were used throughout the experiments. The outputs 
from the amplifier were connected via standard coaxial cables to the input channels of 
a Hewlett Packard model 3562A two-channel dynamic signal analyzer (DSA). All 
subsequent operations of filtering, processing, displav, storage, and output were 
controlled via the functions incorporated in the DSA. Data to be permanently stored 
was output to a Hewlett Packard model 9122 dual flexible disc drive, and plots were 
created by outputting to a Hewlett Packard ColorPro model 74404 plotter. 

For several initial measurements. a PCB model 302B08 accelerometer, having 
the same specifications as the others, was used in conjunction with a battery powered 
PCB model 396B velocitv vibration meter which measured overall vibration velocity in 
the frequency range from 10 to 10,000 Hz and displayed it on a digital LED readout in 
ESO decibels referenced to 10-5 cm, s. Two 10-32 micro fitungs on the meter served 
as throughputs that could be directly connected to the analvzer channels. One provided 
an accelerauon signal with voltage sensitivity of 10 mV;g, the other provided a velocity 
signal with sensitivity of 1000 mV/g. These were used on many of the initial single point 
measurements to directly provide an acceleration measurement on channel 1 and a 
velocity measurement on channel 2. For later work with two point measurements, the 
previous setup (accelerometers and amplifier) was used exclusively and any velocitv 
measurements desired were obtained bv integration. and the other math functions 


available in the DSA. 
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C. MODEL TESTING 
1. Initial Tests 
In preparation for model testing, several specific initial tests were conducted to 
verifv the performance of the measurement equipment and its arrangement. An 
additional test was also found necessary soon after the first model test had begun. 
a. Transducer Calibration 

To ensure that the newly acquired accelerometers had not been damaged in 
transit, a. simplified calibration test was performed in order to compare their measured 
sensitiviues to those reported in the literature which accompanied them. 

A solid, cylindrical steel weight with a small through-drilled hole at the top 
was suspended bv a short length of string that was connected to the midspan of four 
rubber bands which had been secured end-to-end. The ends of the outermost rubber 
bands were connected to solid supports which were spaced apart to provide tension in 
the bands. Lach accelerometer was in turn connected to the bottom of the weight using 
the magnetic attraction base that was provided and connected to the analyzer via the 
power amplifier. The analvzer was then set up for a time domain measurement with a 
specified trigger level and delav. The point of attachment of the string to the rubber 
bands was then given a quick downward strike. This caused a lg change in acceleration 
to be experienced by the weight and accelerometer. The maximum amplitude observed 
on the time domain display of this measurement indicated the amount of voltage 
generated for an acceleration of lg, hence gave a direct measure of the transducer 
VOTO sense 

b. Transducer Mounting 

Although there were studies conducted regarding the suitability of magnetic 
mounting of the transducers, a comparison test between stud and magnetic mounting 
performance was made to ensure that similar results would prevail in such use on this 
particular model, and also to verify that the steel mounting plates on the bearing blocks 
had been adequately prepared and affixed in place. A total of four measurements were 
made, 500 averages taken in each case. First, two stud mounted transducer 
measurements were taken. one using a Hanning window and one using a flat top 
window, then two magnetically mounted transducer measurements were taken, again 
one using each of the window types. The Hanning windowed measurements were 
compared for the accuracy and repeatability of the frequency resolution of the spectra, 
and the flat top windowed measurements Were compared for the accuracy and 


repeatability of the amplitudes of the spectra. 


c. Tachometer Test 
A performance check on the optical tachometer was conducted in 
accordance with the manufacturer's instructions. This involved aiming the probe at a 
fluorescent light and observing a certain value on the digital display. The operating 
guide emphasized the importance of sufficient size and proper placement of the reflective 
tape used on the device being measured to ensure proper readings would be obtained. 
Consequently, to verify that the amount and application of reflective tape were correct, 
the rpm display of the tachometer was compared against shaft frequency readings 
obtained using the signal analyzer. An intentional imbalance was imposed on one of the 
shafts and a high resolution measurement was made using a Hanning window for 
frequency accuracy. The test was repeated several times at various speeds between 200 
and 2000 rpm. 
d. Model Resonance Test 
Initially tlie model was supported on foam padding to isolate it from the 
hardwood countertop and to secure it from sliding. Shortly after commencing the 
imbalanee tests it was noted that there were several frequencies that could not be 
accounted for. Several simplified resonance tests confirmed that resonant motion of the 
model as a Whole was the problem. The tests were conducted by taking a single channel 
power spectrum reading and exciting the base of the model with a hardwood stick. Used 
as a crude but effective measure of the frequency response of the unit, it provided 
information regarding the frequencies at which the unit naturally would tend to vibrate 
as indicated by frequency bands in the spectrum where significant power levels developed 
when the unit was impulsivelv excited. 
2. Machinery Fault Simulation Procedures 
a. Imbalance 
The balance disc assembly of the model was specificallv designed for 
displaying imbalance and, therefore, was used for this simulation. With the shaft 
assembly having been pre-adjusted to obtain a state of minimal imbalance, the vibration 
signature of this state was obtained to serve as a reference, then intentional imbalances 
were created, measured, and the signatures compared to the original baseline signature. 
The balance disc shaft was fitted with the two balance discs, two aluminum 
collars which served as physical stops to limit shaft axial travel, and a four-inch double 
groove pulley. When originally assembled, this shaft and its components had been 
adjusted to obtain minimal residual imbalance by the procedure described earlier under 


Component Assembly and had not been altered since that time. All the cap screws in 


the rims of the balance discs were removed and the optical tachometer probe was 
supported in the clamp stand and trained on the reflective tape on the balance disc shaft 
to provide the most accurate speed measurement. With the two 15 tooth gears on the 
input shaft locked in position out of mesh, a flexible belt was installed around the input 
shaft and balance shaft pullevs which gave a one-to-one drive ratio. The balance disc 
shaft was brought to, and held at, a speed of 899 rpm. Power spectrum and filtered line 
spectrum measurements were then taken covering a baseband span from zero to 100 
Hz and using 500 averages, 90 percent overlap processing, and a Hanning window. The 
signal was measured and received as vibration acceleration, and the filtered linear 
spectrum display was then integrated to convert it to vibration velocity. 

One cap screw was then inserted at the same location in each disc and the 
measurement procedure repeated. All other conditions were exactly duplicated except 
that the shaft speed fluctuated shghtly between 899 and 900 rpm, with the latter being 
more prevalent. This procedure was repeated several more times until. finally. all the 
original cap screws were renistalled, six per disc, evenly spaced. The shaft speed for the 
final run was steady at a value of 898 rpm. 

b. Misalignment 

Following the imbalance tests, the balance shaft was retained in its final 
state, 1.€., With six cap screws symmetrically spaced in each disc. The far bearing block 
(away from the pulley) was then loosened. skewed horizontally relative to the shaft, and 
re-secured. This was done to intentionally create a misaligned bearing condition. With 
the signal analvzer in the same setup state (500 averages, 90 per cent overlap processing, 
and a Hanning window), the shaft was brought up to a speed of 1200 rpm. Two 
accelerometers were stud mounted to the bearing block; one in the axial direction and 
one in the vertical direction. Filtered linear spectra measurements were then taken and 
converted to velocity readings via integration as before. 

c. Belt Defect 

The misahgned bearing block was re-squared to the shaft, re-secured, and 
all screws were removed from the balance discs. To simulate a belt defect, a piece of 
electrical tape was wrapped around the glued butt joint of one of the drive belts which 
was then installed around the four-inch pulleys mounted on the input and balance shafts. 
An accelerometer was located in the horizontal direction on the bearing block adjacent 
to the balance shaft pullev. A filtered linear spectrum measurement was taken on a 


baseband of zero to 100 Hz using 300 averages, 90 percent overlap processing, and a 


Hanning window. The shaft speed was maintained at $99 rpm and, again, the 
measurement was integrated to vield vibration velocity. 
d. Mechanical Looseness 

To simulate mechanical looseness the mounting screws for the far bcaring 
block (awav from the pulley) of the balance disc shaft were backed off slightly to permit 
motion of the bearing block relative to the base. The cap screws of the balance discs 
were left svmmetrically distributed on their discs and the shaft brought up to a speed of 
500 rpm. A filtered linear spectrum measurement was made with the two accelerometers 
in place as thev had been for the misalignment test, and the analvzer setup state the 
same as well Severa! variations on the arrangement were attempted to attain a 
distinctive signature. The mounting screws were tightened and re-loosened to various 
Geerees, aiid the cap scres in the discs were repositioned closer together and in greater 
number to help excite motion of the block. Typical indications sought in reviewing the 
measured data were a large number of harmonics without significant peaks in the axial 
direction. along with truncations of the time domain Waveform. 

e. Bearing Defects 

The model was fitted with six radial ball bearings, one pair for each shaft 
of the double reduction gear train. Two additional bearings of identical make and size 
Were acquired, each to have an intentional defect imposed: an inner race defect in one. 
and a ball defect in the other. The bearings used were Fafnir model AS3K with seven 


balls per bearing and the following dimensions. 
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From equations (18) through (21), the bearing characteristic frequencies were calculated 
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7 Note that if the frequency axis of a spectral display is converted into orders of revolution. 
then the coefficients of f. become the characteristic orders. 


To create the defects, the bearings were disassembled and a single defect 
made in each using a fine tooth file to generate a flat spot. The authors previous 
experience in evaluation of bearmg condition was limitted to visual inspection and 
fecling for roughness in the bearing's motion. With no prior experience as to the size 
of defect required to create a significant spectral line, the defects were made just large 
enough that thev would be noticeabie upon visual examination. 

Reassemblv of the bearings was very difficult due to their small size and the 
lack of any tools on hand that mav be specifically designed for this procedure. Asa 
result. onlv one of the bearings was subsequently able to be tested. The bearing with the 
ball defect suffered from extreme bindmg which 1s presumed to have been caused by 
slight deformation of its outer race as it was being held in place to install and secure its 
other components. Although unfortunate, it was seen as a minor loss to the study since 
only about 10 percent of all ball bearing failures are attributed to faults in the balls or 
cages. A repeated attempt to obtain a ball defect sample was not felt justified due to the 
difficulties in assembly reassembly of such small components, and the relative impact 1ts 
exclusion might have on the thesis work as a whole. 

[he exper.nents involved acquiring vibration signatures for identical 
conditions with a different bearing installed at the monitored location for each run. The 
far bearing block of the third shaft of the gear train was the one specially fitted with the 
replaceable inserts which housed the bearings to be tested. With the good 50 tooth gear 
on the intermediate shaft in mesh. and the optical tachometer trained on the input shaft, 
the input shaft was brought up to a speed of 1800 rpm. Mfultiplving this by the 
reduction ratio of the gear set. a value of 115.7 rpm was calculated as the speed of the 
third shaft; therefore. the frequencies of interest were expected to be Hou 
approximately 10 Hz and below. With a baseband span of zero to 50 Hz, 90 percent 
overlap processing. a Hanning window, and the number of averages set at 50, a power 
spectrum measurement was taken of the good bearing with the accelerometer stud 
mounted in the vertical direction. 

f. Gear Defects 

The examination of gear defects primarily concentrated on two specific 
areas: a missing tooth, and the spread of tooth wear. One of the 50 tooth gears on the 
intermediate shaft had one of its teeth removed bv filing, and one of the 70 tooth gears 
had a successive number of tooth profiles slightly filed to simulate the spread of localized 
wear. The predominant phenomenon to look for in each case was sidebanding of the 


meshing frequency by the shaft frequency. As described by Smith [Ref. 17], the relative 
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amplitudes of the meshing frequency and its sidebands gives an indication of the extent 
of modulation or damage. For both studies the same procedure was followed, only the 
frequencies of interest differed. For measurements of the first reduction gearmesh 
events, a transducer was mounted verticallv on the bearing block of the intermediate 
shaft nearer to the defective gear. For measurements of the second reduction gearmesh 
events, a transducer was mounted vertically on the far bearing of the third shaft of the 
train. The signal analvzer was set for a small frequency span centered on the meshing 
frequency of the gear to be studied. Since it was decided ahead of time that the input 
shaft speed would remain at 1800 rpm. the meshing frequencies for the first and second 
reductions were calculated to be 450 Hz and 135 Hz, respectively. The flat top window 
was used in some cases and the Hanning in others, the choice depending upon the 
number of spectral lines appearing in the region of interest and their separation. A high 
number of averages were taken and the overlap processing and fast averaging 
capabilities of the DSA were used to advantage. It was expected that in each case the 
meshing frequency would be quite promunent; and that in the case of the nussing tooth 
the impact event would cause high sidebands, whereas the gear showing wear would 


present smaller sidebands at first Which grew with increased damage. 


be SPECIAL GEAR STUDY 
l. Gear Fault Display Using DSA Math Functions 

A new technique for displaving gear defects was explored. The technique. if 
successful. would provide a display of a selected gcar in a gear train in a manner which 
would duplicate the gear profile on the screen of the DSA and. theoreucally, would show 
sufficient details of proide irregularities to enable it to be utilized in identifying specific 
locations of gear wear and or damage [Ref. 18]. The study was conducted in two parts. 
First. the concept was simulated using artificially. produced (pure) signals obtained 
through use of the DSA internal signal generator, then an actual measurement was made 
on the model in an attempt to prove the practical application of the technique. 

The technique involved obtaining time domain displays of the signals from two 
transducers mounted in mutuallv orthogonal directions in the radial plane of a gear train 
bearing and utilizing the math functions of the DSA to convert these into a single trace 
Which contained both real and imaginary components. Assuming the gear mesh and 
shaft rotation events could be satisfactorily extracted and were contained in the 
measured signals, a Nyquist coordinate representation of the final combined signal 


Would provide a detailed profile of the gear. 
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To isolate the gear of interest, the demodulation feature of the DSA was inttrally 
thought to be of use in that it deals specifically with the carrier wave'sidebandemm 
phenomenon which characterizes the event and might, therefore, provide the required 
gear mesh plus shaft rotation temporal waveform. It was hoped that it night prove to 
be a single measurement which could provide a time domain waveform that was created 
strictlv from the carrier and sideband waves, with minimal noise or signal content from 
other machinery events. Further review of the demodulation process and the results it 
provides showed that it would not be useful for this purpose. In place of this, 1t was 
attempted to obtain onlv the gearmesh event time domain signal from the model and 
combine this with a synthesized signal representing the shaft rotation event. 

The first task was to verifv the mechanics of the procedure bv using simulated 
signals to see how an ideal result would appear. The simulation selected was to show a 
AU tooth gear which was rotaung at a shaft speed of 600 rpm. This would then involve 
a 10 Hz sienal (the shaft frequency) and a 500 Fz srgnal (the gearmesh frequency). The 
first step Was to obtain two ume domain traces of one of the two signals and store them 
m local memory. For the simulation conducted. the 10 Hz stgnal was selected. With 
both channels of the DSA active, the source output from the DSA mternalgsiemel 
generator was connected to the channel | and channel 2 mputs. The frequenev range 
selected for the measurement was 2 kHz. This selection was arbiirary, thew@mes 
requirement was that the time domarn of the measurement display be large enough to 
accomodate at least one full period of the final time traces to be displaved in the Nyquist 
coordinate svstem: less than a full perrod would give an mcomplete plot. A Hanning 
window was used and, since these would be pure signals, only one average was needed 
to be obtained. The source signal was set as a 10 Hz sme wave with a source 
(amplitude) of 1.0 volt. The measurement was then set to trigger on the channel 1 signal 
reception at a trigger level of 1.0 volt. To simulate the fact that the real measuremant 
made on the model would be done with two transducers which would be orthogonally 
mounted, a time delay equivalent to one fourth of a period was introduced on channel 
2; for the 10 Hz signi! this was calculated to be 25 msec. With all measurement 
parameters having been established, trace A was set to display the time record of channel 
l and trace B was set te display the time record of channel 2. The measuremienme s 
then commenced and the acquired traces were then stored in local memory trae 
stored in "saved data l^ and trace B stored in "saved data 2^, as they are annotated on 


the DSA local memoórn soltker Tienu 
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The next step was to obtain a similar measurement for the 500 Hz signal. The 
only changes in the procedure were to select a 500 Hz sine wave as the signal to be 
generated, to reduce the source level (signal amplitude) to a level which would be 
mene sentative ol thesdeorce Of miodulationsta be expected the real system, to match 
the trigger level to this new source level, and to adjust the trigger delay to correspond 
to one fourth of the period of a 500 Hz wave. Accordingly, the source level was set at 
25 mV (an assumed amount of modulation effect), the trigger level was set to 25mV, and 
the channel 2 delay was set at 0.5 msec. The measurement was then started and the time 
records obtained. The remainder of the procedure strictly involved the use of the math 
functions of the DSA m manipulating these waveforms. 

The 500 Hz waveform on trace A was added to “saved data 1” (trace A of the 
10 Hz signal) and then multiphed by the complex number (1.0) to make this signal a 
complex waveform with no imaginary part. Then the 500 Hz waveform on trace B was 
added to “saved data 2” (trace B of the 10 Hz signal) and then multiplied by the complex 
number (0.1) to make this signal a complex waveform with no real part. The two traces 
were then added together to create a single trace which now contained both real and 
Imaginary parts which were non-zero. This trace was then displaved in the Nyquist 
coordinate svstem. 

The next part of the studv involved following this same procedure with a real 
signal obtained from the model relating solely to the gearmesh (carrier wave event) 
combined with an artificially produced signal which would represent shaft rotation 
(sideband wave event). Two transducers were mounted on the bearing block next to the 
undamaged 3V tooth gear: one vertically and the other horizontally. The frequency span 
was set to I0 IIz and was centered on 500 Hz. A Hanning window was used and time 
domain averaging was selected with the number of averages set at 5. With the 
intermediate shaft of the gear train assembly at a speed of 600 rpm, the measurement 
was commenced. When completed, the waveform math procedures detailed above were 
followed exactly as described: the 10 Hz waveforms were still in local memory from the 


previous simulation run. 


Y. RESULTS AND DISCUSSION 


As a general comment on the figures which accompany the discussions that follow, 
and contrary to common practice in diagnostic work, line spectrum displays were not 
used exclusively throughout. Although machinery diagnostics measurements are 
predominantly in terms of line spectra, in many cases the power spectra of the 
measurements were used. This was done mainly for the sake of allowing displays and 
discussions of signature comparisons to be clearly viewed and followed bv the reader, 
but also in part because of the low signal levels often measured. Many signatures 
obtained from the model were very low in amplitude, some so close to the noise floor 
of the measurement that line spectrum displavs became too confusing and eluttered with 
the peaks created by the noise. Wherever signals were sufficiently elevated and dim 
or Where actual amplitude values were of interest, filtered line spectra displavs were used. 
Where it was onlv intended to show general features of the signatures. power spectrum 
displavs were used. 

For most measurements, an overlap processing value of 90 percent was used. This 
was done to allow the measurement process to run as quickly as possible in order to 
overcome the difficulties of maintaining constant apparatus rpm over long periods of 
time and thus avoid the attendant distortion and errors that are associated with speed 
drift. The windows used for the measurements were either Hanning or flat top. the 
choice made was based on the relative importance of obtaming accurate frequency 
resolution, the amount of speed drift that was experienced, and the clarity seit ss 
important features to be discussed would be seen in the final display that was to be 


achieved. 


A. INITIALATESTS 
l. Transducer Calibration 

The time domain measurements for the simplified transducer calibration tests 
are shown in Figure 16. The notations “Ov 1” appearing at the upper right hand corner 
of each trace indicates that an overload occurred on the channel durmg the 
measurement. This does not invalidate the measurements since, as can be seen in the 
figure, the signal clipping which occurred and caused the overload condition only 
affected that portion of the time signal beyond the point of interest. The clipping is 


shown by the flat portion of the trace beginning at approximately 100 msec. The 
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Figure 16. Transducer calibration results. 


poruon of the signal that was vital to the measurement, i.e., up to the first maximum 
amplitude and the subs^quent roll off of this amplitude, was unaffected bv the clipping 
and overload. The introduction of a negative time delav allowed the trace to be 
displayed away from the ordinate axis so that a clear and distinct view of the event was 
attained. The notations at the upper left hand corner of each trace indicate the "Y^ 
values (amplitudes) associated with the cursor locations shown on the traces. The 
sensitivity as listed in the documentation which accompunied these transducers was 
10.01 mV,g for cach. The measured sensitivities of 10.0233 mV-g and 10.0123 mV g 
compared well enough to the documented values to presume that the transducer 
calibration values had been unaffected by any adverse shipment or handling conditions 
which they may have experienced. 
2. Transducer Mounting 

The Hanning windowed measurements for the stud mounted and magneucally 
mounted transducer tests are shown together in Figure 17. Direct comparison of the 
two traces shows that there is no loss of frequency information in using the magnetic 


mount. The flat top windowed measurements for each attachment method are shown 
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Figure 17. Transducer mount comparisons: stud mounted (upper) and magnetically 


mounted (lower) using the Hanning window. 


together in Figure 18. The cursor controls were used to mark and measure the various 
amplitudes and found no appreciable differences between any associated peaks. The 
cursor marker was left on the pair of peaks which had the greatest disparity; the 
amplitude values are shown at the upper left hand corner of each trace. In both figures 
the upper trace is the stud mounted measurement and the lower trace is the magnetically 
mounted measurement. 
3. Model Resonance Test 

The result of the resonance test (“bump” test) of the model is shown in 
Figure 19. The marker i» the figure is shown placed on the peak which was first noticed 
as an extraneous, unexplained frequency component appearing in the first imbalance 
tests. Replacement of the foam padding with a hard rubber mat eliminated the 


appearance of this component from future tests. 
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Figure 18. Transducer mount comparisons: stud mounted (upper) and magnetically 


mounted (lower) usine the flat top window. 


B. MACHINERY FAULT SIMULATIONS 

in maintenance monitoring applications, the diagnostic procedures are usually 
hmitted. to. comparisons. of spectral information obtained through use of a single 
transducer; namely, frequencies and relative amplitudes of signatures taken in an anal 
and two orthogonal radial directions. In Work on an individual machine or component 
which requires special diagnostic attention, additional information is normally obtained 
by using a keyphasor or, more commonly, a second transducer which allows phase 
information to be included in the analysis. A technique common to both applications 
is a thorough review of the geometry of the machinery being analyzed before the analysis 
starts; often this allows the analyst to begin his her task with a known list of frequency 
events to expect, or at least where in the spectrum to look for these events. 

I. Imbalance 

Rotating imbalance exists whenever the center (or centerline) of rotation does 

not coincide with the c*nter (or centerline) of mass. All rotating equipment will have 


some degree of imbalance; well-balanced units will merely have very small amounts. 
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Figure 19. Model resonance (bump test) results. 


Pure imbalance generates a spectral line appearing at the frequency of the shaft rotation 
and is ideally of the same amplitude in all radial directions and has no amplitude 
appearme in the axial direction. If phase readings are taken, the phase should co ra 
the transducer location; 1.e., there will be no fixed absolute phase angle for the event with 
respect to a fixed point on the machine. In practice, where measurements are taken on 
bearing casings, deviations from the ideal amplitude relationships mentioned are 
primarily due to assymmetric transmissibility characteristics of the casings (assvymmetric 
geometry). Mathematically. the amplitude of a rotating imbalance is equal to mew: [Ref. 
19]. This shows that it will vary with changes in mass (as When erosion or material 
deposit occurs), eccentricity (as When rotor sag is present), and angular frequency (as 
when the shaft speed changes). It is usually the change in amphtude with change in 
Shaft speed that allows it to be distinguished from other faults which have similar 
signatures. 

For measurements taken on the model, the baseline signature obtained for the 
balance disc assembly which shows the amount of residual imbalance, 1.e., how much 


imbalance exists with all cap screws removed from the discs, is shown in Figure 20. 
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Figure 20. Baseline imbalance signature. 


Figure 21 shows the effects due to the addition of one cap screw to each disc, and 
Figure 22 shows the effects when six evenly spaced cap screws are in each disc. The 
markers appearing in the traces were made with the harmonic special markers function 
of the DSA. The fundamental harmonic is marked with an arrow at a frequency of 15 
Hz (as indicated by the notation above the trace) and all higher harmonics are marked 
with chevrons. Using the cursor controls, the 15 Hz peak in the baseline signature had 
a measured amplitude of -75.477 in sec dBrms. With the dB scale referenced to 1.0 in sec 
rms, this 1s equivalent to a linear amplitude of 0.0001683 in sec rms, a value indicative 
of an extremely smoothe running device. Even without this measurement, the extreme 
low level of this amplitude is readily apparent by the fact that it is almost completely 
buried in the noise floor of the display. 

Comparisons of the figures showed that the higher harmonic peaks were 
virtually unaffected by the added mass, but the fundamental frequency increased 
significantly with only one capscrew added, and reduced almost completely to its onginal 
amplitude when the six evenly spaced screws were inserted which served to reestablish 


the onginal symmetry and dynamic balance conditions. The amplitudes of the 
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Figure 21. Imbalance signature with one imbalance mass per disc. 


fundamental frequency peaks of the second and third figures were measured to be 
-64.555 in's dBrms (0.0005917 in sec rms) for the second and -74.802 ins dBrms 
(0.0001$19 in sec rms) for the third. Although these are verv small values on an absolute 
scale, the increase due to the addition of only two screws was bv a factor of over 3.5 
which is a respectable relative change in level. 

The presense of the higher harmonics indicates that looseness and or 
misalignment is also present, and it is unpossible to tell from this signature alone which 
one it may be; an additional reading in the axial direction or a reading which could 
provide phase information is required in order to distinguish which condition exists. 
Another possibilitv in this case 1s excessive bearing clearance which can also give 
harmonics of shaft frequency [Ref. 10]. 

2. Misalignment 

Misalignment includes bearing, shaft, or coupling misalignment, or a similar 
condition such as a bent shaft. and it 1s most often found as a consequence of impropet 
assemlv or installation. Misalignment is characterized by a large second harmonic of the 


shaft frequency in the radial and axial directions, axial phase readings across the ends 
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ligure 22. Imbalance signature with six imbalance masses per disc. 


of a shaft or across a coupling that are 180 degrees out of phase, and mav often present 
a large number of shaft harmonics. 

The signatures shown in Figure 23 show the distinctive features of this 
machinery fault. The vertical measurement clearly shows an imbalance at 20 Hz, a 
significant peak at the second harmonic, nothing at the third harmonic, and a minor 
peak at the fourth harmonic. The high second harmonic peak is a rather solid indicator 
of misalignment by itself, especially in the absense of a third harmonic which, if present, 
would have made looseness a possibility to consider. In the lower graph, the high level 
of axial components is a decisive factor in diagnosing this as misalignment. The relative 
amplitudes between the first and second harmonics may be used as a rough measure of 
the severity of the condition. The use of axial phase readings taken at the ends of a shaft 
Or across a bearing where a shaft bend has occurred can identify these faults, but this is 
only applicable to rigid rotors, ie., rotors which operate at speeds well below their 


critical speeds. 
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Figure 23. — Misalignment signatures: vertical direction (upper) and axial direction . 


(lower). 
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Figure 24. Drive belt defect signature. 


3. Drive Belt Defect 

A drive belt defect will appear in the spectrum as a line at the frequency of 
revolution of the belt, or sometimes at twice this value. For rapid diagnostics on an 
assembly Containing bels and pulleys, a stroboscopic light with adjustable flash rate. or 
one which can be triggered bv the vibration event itself (some analvzers have this 
feature) can be very usefui in rapidly locating the problem component. The spectral line 
created will only appear in measurements taken in radial directions providing there is 
no misalignment, and phase readings are not needed. 

The filtered linear spectrum display for the belt defect of the model is shown in 
Figure 24. The span between the pulley centerlines is eight inches which makes the belt 
frequency equal to [4 z / (16 + 4 z)] (f), or 0.4399 times the shaft frequency. For the 
given shaft speed of $99 rpm, the shaft frequency was 14.9833 Hz which gave a 
calculated belt frequency of approximately 6.59 Hz. Using the special markers function, 
the fundamental frequency was adjusted until each of the chevron markers appeared on 
a peak, and this occurred when the fundamental frequency was 6.43 Hz. The difference 


between this value and the calculated value is due to the fact that the pulley outside 
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diameter was used in the formula as an approximation whereas the belt actuallv travels 
in the groove which has a slightly smaller diameter. 

The ability to retrieve a signal such as this that was intentionally implanted was 
not difficult and, perhaps by itself, not too interesting. However, a feature of this 
signature that is significant is one which appears in other fault signatures and worthy 
of special note. Manv harmonics are seen to appear. yet the fundamental frequency 1s 
completely undetectable: in this case it 1s so low in level that even its marker arrow 1s 
buried in the noise floor of the trace. This same condition can occur with faults such 
as rolling element bearings [Ref. 10] and others as well. Being aware of this phenomenon 
helps in the analvsis of signatures which may have many harmonic multiples of different 
events, especially if they may be overlapped in the spectrum display. 

4. Mechanical Looseness 

Mechanical looseness includes all forms of relative motion between components 
which are not designed to be present. usuallv found where bolts have been overlooked 
or improperly tightened., or have vibrated loose in service. It is characterized bv a lares 
number of shaft harmonics and sometimes subharmonics, and it is highly. directional. 
Therefore, the amplitude will be greatest when the transducer is nearest the location of 
the fault and in alignment with the direction of the looseness. If flexible belts are in the 
assembly, the harmonics mav be damped out and leave only the once per revolution 
spectral peak which appears as an imbalance [Ref. 10]. 

The tests conducted to detect mechanical looseness gave results which were 
identical to those obtained for misalignment in that none were able to be obtained which 
did not have axial components and. therefore, the appearance of misalignment 
indications precluded the ability to declare anv specific traces as. showing. only 
mechanical looseness. Many traces obtained may actually have mechanical looseness 
as a part of them, but it was not possible to distinguish this fault separately and 
distinctly bv itself in anv trace. 

5$. Bearing Defects 

Approximately 90 percent of all rolling element bearing failures are due to 
defects in one of the raceways, and 10 percent are due to defects in the rolling elements 
or the cages [Ref. 20]. The defects typically begin as microscopic pits where Hertzian 
stresses have caused local surface hardening and spalling of the material. As the small 
pits grow in size, the transit of the damaged region becomes an increasingly impulsive 
event. Consequently. both the frequency of the impact event and the bearing natural 


frequency may show in the spectrum. Knowing the geometry of the bearing and the 
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Figure 25. Signature of the defect-free bearing. 


shaft rotauonal speed, there are four characteristic bearing frequencies that can be 
calculated: the outer ball passing frequency, equation (18), the inner ball passing 
frequency. equation (19), the ball spin frequency. equation (20). and the cage frequency, 
equation (21). The ball spin frequency formula has a factor of two already included in 
It to account for the fact that there are two impact events per ball revolution. one with 


each race. 

















h= — 2 cosa) (18) 
f= (aly + E cosa) (19) 
fa = EBR = (BE cosa I) (20) 
f=(120 — $ cos) (21) 
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Figure 26. Signature of bearing with inner race defect. 


Nero 
n = number of rolling elements in the bearing 
BD = ball diameter 
PD 


pitch diameter of the bearing 


x — contact angle 


JS, 


shaft frequency in Hz 


The spectral signature varies depending on how far the damage has progressed. For an 
undamaged bearing, all of the above frequencies may be found, but they will be at 
extremely low amplitudes. As a defect sets in, the frequency associated with the defect 
location will begin to show. As the defect worsens or the number of small defects 
increase, the events become more impulsive and random and cause the natural frequency 
of the bearing to be excited which gives a small “area” of amplitude on a spectral display 
as opposed to one or more lines. 

In hydrodynamic bearings, the main problems which arise are oi] whirl and oil 


whip. Oil whirl occurs when the pressure difference (oil pressure) across the load region 
c 
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of the bearing causes rotor precession, and this will generate a spectral line at slightly 
less than half the shaft frequency. As the shaft speed increases and approaches twice its 
critical speed (meaning the oil whirl condition is now occurring near the shaft critical 
speed), the oil whirl changes to oi! whip which may cause the oil to lose its ability to 
support the shaft due to the large vibrational forces generated. 

The tests conducted to detect the bearing characteristic frequencies were 
successful in that the characteristic frequency for an inner race defect was found 
appearing in both the damaged and the defect-free bearings. Figure 25 shows the power 
spectrum reading taken for the good bearing. As can be seen there is a predominant 
peak at the shaft frequency of 30 Hz. Also showing are a number of other discrete peaks 
in the upper half of the baseband. As was the case in the drive belt tests. these upper 
range peaks are harmonically related to an event which is of too low an amplitude to 
appear. Ihe signature obtained for the inner race defect bearing 1s shown in Figure 26 
and looks almost identical to the signature for the good bearing. including the 
appearance of the harmonies. The main distictive feature is the very small peak just 
below 10 Hz. This peak is at a frequency of 4.5 times shaft frequency and it 1s the 
harmonics of this that are appearing throughout the spectrum of each. The calculated 
characterisuc frequency for an inner race defect was 4.368 times the shaft frequency. 
These signatures indicate that both bearings have inner race defects. 

6. Gear Defects 

As with bearings. gears have characteristic frequencies which can always be 
found. but are not always high in amplitude. The predominant frequency is the gear 
mesh frequency which is equal to the shaft frequency times the number of teeth on the 
gear. Ihe exact number and size of spectral lines vary depending upon the specific 
problem and its severity, but a general signature is one Where the gear mesh frequency 
is sidebanded by a series of spectral lines at shaft frequency. The relative amplitudes of 
the lines are indicative of the degree of damage, but the amplitude of the gearmesh 
frequency peak alone is not meaningful since it may normally alter due to changes in 
operating conditions. Again, as with bearings, the gear natural frequencies may also 
appear in the spectrum which indicates that a problem exists of an impulsive nature. 

For the first gear damage test done on the model, the good 50 tooth gear was 
run at a shaft speed of 540 rpm which gave it a calculated gear mesh frequency of 450 
Hz, and a shaft frequency of 9 Hz. As expected. the initial signature, seen in 
Figure 27, showed the gear mesh frequency as a predominant peak sidebanded bv peaks 


at 9 Hz spacings. The 50 tooth gear with the one tooth missing was expected to have 
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Figure 27. Signature of first reduction gear set, no damage. 


a similar signature but with higher sideband amplitudes. As shown in Figure 28, this 
Was not exactly achieved. Although most sideband amplitudes remained the same or 
increased slightly. two of the upper sidebands were found to diminish into the noise floor 
of the measurement. The difficulty in these. as in many other measurements, was the 
very low level of the signals and their strong dependence on the level and steadiness of 
the load. 

Test results for the second part of the reduction set were closer to what was 
expected. Figure 29 shows the signature obtained when only one tooth profile had been 
slightly shaved. The gearmesh frequency was found to be of equivalent amplitude to 
almost all sideband levels. In Figure 30 where two tooth profiles have been filed, all 
levels have elevated slightly, and the gearmesh frequency begins to stand out 
significantly from the rest of the events. Figure 31 was taken after three tooth profiles 
had been filed, and the signature may be seen to appear more similar to the original 
trace. Finally, in Figure 32 where four teeth had been filed, the signature beginsmms 


appear as would be expected for a case of advancing gear wear. 
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Figure 28. Signature of first reduction gear set, one tooth missing from gear. 


One collection of gear train readings were of particular interest, not onlv 
because thev appeared so predominantly, but because of the condition which created 
them. Figure 33 and Figure 34 show high resolution measurements of an event which 
at first could not be accounted for since it occurred at a frequency that was apparently 
unrelated to anv component or condition known to exist m the model. All three 
signatures show the classic sidebanding pattern, but they are all centered about a carrier 
frequency of 1350 Hz. This frequency is not the gearmesh frequency normally 
calculated, but it is a gearmesh frequency of a particular meshing event; the frequency 
with which the 15 and 50 tooth gears become re-indexed to one another. The 15 and the 
50 tooth gears cycle through 150 tooth meshes to become re-indexed; i.e., to have the 
same two teeth in mesh again. For the 50 tooth gear, this can be calculated to be a 
frequency of (50 x 540) 60 = 1350 Hz. As seen by the chevron markers in the figures, 
there are actually two sidebanding frequencies of this meshing event, one of 30 Hz and 
one of 3 Hz. The 30 Hz sideband is, of course, the frequency corresponding to the input 
shaft speed. The 3 Hz sideband represents the frequency with which one cycle of 


re-indexing is occurring. Since the gear teeth are all the same, the only outstanding 
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Figure 29. One gear tooth filed. 


feature on the gears which was presumed to be involved with this indexing was their 
locating set screws. The use of set screws to fix the gears to the sliaft results inem 
centerlines being non-coincident with the shaft centerlines which will cause the degree 
of mesh to cvcle from some maximum amount (when their set screws are pointing 
towards one another) to some minimurn amount (when the set screws are 180 degrees 
out). This wil! cause an amplitude modulauon due to the change in surface contact area 
between tooth flanks in mesh, and would nost likelv be a very predominant feature 1f 
these teeth Were to be heavildloadeds 

In all the tests, the two most variable and uncertain parameters were the affect 
of the amount of load on the teeth. and the amount of noise contamination of the signal. 
Although the loads onlv varied very slightly (less than plus or minus 0.05 amperes on the 
anuneter scale), the actual value of the load may have been too small for the gears in 
question to show realistic relative amplitudes between carrier and sideband signals. The 
extremely low level of the signals also leaves doubt as to exactly how much noise was 


contaminating the signal. 
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Figure 30. Two gear teeth filed. 


C. SPECIAL GEAR STUDY 

The result of the first step of the gear display technique is shown in Figure 35. Here 
IA Waves are seen to be identical except for the required 90 degree phase 
difference created bv the 25 msec delav that was imposed on channel 2. Figure 36 shows 
the result of adding the 10 Hz and 500 Hz waveforms together. At this point. the 
waveforms are each stuli real valued functions. Waveform math is needed to make them 
be recognized by the analyzer as complex. To accomplish this, the upper trace was 
muluplied by (1,0) and the lower trace De OE he result is scen im Figure 37 where 
the upper trace is now a complex waveform with only a real part, and the lower trace 1s 
a complex waveform with onlv an imaginary part. Note that when this multiplication 
1s performed, the abscissa scales are automatically reduced to half their original value. 
This will limit the size of the frequency span selected for the initial measurement to some 
nunimum value so that at least one full period of the waveform is retained up through 
this point in the process. The final result was obtained bv summing these two 
waveforms to create a single waveform and then switching to a Nyquist coordinate 


svstem display; this result is snown in Figure 38. Although the display has some 
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Figure 31. Three gear teeth filed. 


üistoruon of the "teeth", the concept of the display technique is very clear. Variations 
in the degree of amplitude modulation (level of the 500 Hz source) on other repeated 
runs gave different depths to the cusps of the curve; but bevond source levels of about 
35 mV the cusps turned into small loops and the definition of the "tooth" profiles began 
to belost. The correlauon between the source signal levels used and the actual amount 

amplitude modulation experienced in a real system was not explored due to limitted 
time remaining to complete this thesis work, but would be the neat logical step to 
investigate. along with the abilitv to seed a stray signal into the svnthesized 500 Hz 


signal to see how the ideal display would appear with a simulated defect. 
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Figure 32, Four gear teeth filed. 
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Figure 33. Maior sidebanding bv 30 Hz signal. 
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Figure 34.  Secondarw sidebanding bv 3 Hz signal. 
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Figure 35. 10 Hz waveforms as measured. 
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Figure 36. Sum of 10 Hz and 500 Hz waveforms. 
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Figure 37. Summed waveforms after conversion into complex form. 
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Figure 38. Final Nyquist coordinate plot of complex waveform. 
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Wr CONCEESIONS 


A phvsical machinery. diagnostics model was developed that was designed to 
incorporate some of the more common machinery faults found tn rotating machinery 
relating to shaft, bearing, gear. and alignment defects. Based upon the results of the 
model tests. the model was found to be effective in displaying designed machinery faults 
with the exception of mechanical looseness. The balance disc performed precisely as 
designed in that it was found to be very sensitive to mass addition. The results of this 
study clearly demonstré‘e that it 1s not always possible to distinctly identify all specific 
machinery faults which may be present by obtaining signatures using only a single 
transducer. The impicatton is that more complete and reliable machinery diagnostics 


might only be realized through the use of two channel measurements. 
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VII. RECOMMENDATIONS 


A. MODEL IMPROVEMENTS 

In view of the results of the model tests, the following recommendations are made 
with regard to model improvements. 

For the balance disc assemblv, a changeover to ball bearings might remove the 
appearance of the multiple shaft harmonics from the spectra which are thought to be 
caused bv excessive clearance in the sleeve bearings currently being used. This would 
also remove the requirement to retain the aluminum collars on the shaft which account 
for a small protion of the residual imbalance, and this would preclude introducing 
extraneous signals (rubs) in the event that the collars were inadvertantly spaced too close 
to the bearing blocks. Also, even though the shaft axial position tends to track to the 
drive belt plane, there may some slight wander or jitter in its tracking Which may be the 
cause for the axial readings that Were seen in many displays. 

ime dittreulties 11 -vorkine on the ball) bearme assemblies shows the need for 
obtaining larger sized components for conducting specific damage studies. This would 
also create more Working space on the assembly itself which would facilitate positioning 
of components and measurement devices; some bearing blocks on this model could not 
be fitted in any but the vertical direction with the transducers that were obtained (of 
course the option of smaller transducers exists, but this may involve greater expense). 
This directly eliminated the ability to take readings in other directions mn order to gain 
phase information which would have been of benefit in many cases. 

The difficulty with speed control points out the need for more refinement of this 
feature. It 1s possible that removing the motor controller from the base plate might help 
if the mstability is due to controller vibration, but even if this is so, it 15 not expected that 
this will suffice since the problem seems to be more related to a deadband in the speed 
control knob. The use of the external sampling feature of the DSA is recommended as 
the best alternative method available to avoid errors induced by speed drift. 

All bearings should be solidly pressed and or crimped into place to firmly seat them 
in the bearing block bores and guarantee best transmissibility of signals. Also the proper 
method of installation must be observed. The last bearing that was installed was seen 


to be pressed into place by pushing down on the inner race, a practice Which mav be the 


reason why both bearings showed inner race defects and not onlv the one which was 
intentionally damaged. 

Al} components to be shaft mounted should be pressed or shrink-fit in place to avoid 
the introduction of imbalances due to set screws, flats ground on the hala 
Additionally. this is presumed to have had a pronounced affect on the final alignment 
of the gears, and so it is recommended that any components which similarly involve 
mating contact or close tolerances be specifically so installed. 

A more suitable load should be acquired for the model. The load presently used 
was insufficiently steady for the long time periods mvolved with several Pup 
measurements such as when time domain averaging was used where overlap processing 
was automatically set to zero percent which greatly increased the time necded tampa 
high resolution measurements. A recommended alternative 1s a variable core magnetic 
Drake tvpe assembiy. The assembly is driven bv a small constant speed motor and the 
strength of the magnetic brake 1s varied by the degree to which the core is axiallv 
engaged in the field. The load from such a device should be verv steadv Mens 
controlled, and of sufiicient capacity to provide What 1s needed to adequately test the 


components presently incorporated in the model. 


Bs FUTURE STUDDES 

In view of the uncertainty of the amount of noise contanunation in the signals, it 1s 
recommended that two channel studies be pursued which would then allow 
measurements of signal coherence as an excellent indicator of the amount of noise 
present. 

It is recommended ‘hat phase readings be made a part of future experiments since 
this information is. in many cases, vital and necessary for effective diagnostic work. This 
need for phase information further underscores the importance and benefits of 
two-channel measurement studies. 

In continued work on the gear displav technique, it is recommended that efforts be 
directed toward further studies using ideal signals, especially their correlation to real 
measured events and parameters. Simulation studies which trv to quantify the degree 
of amplitude modulation and its resulting influence on the gear display, and the result 
of an “ideal defect” in a simulated signal are two areas which may quickly prove or 
disprove the uscfulness of continued efforts to perfect the technique. The studies done 
thus far have used a 25 millivolt modulating signal and produced a gear profile 


simulation of reasonable proportions, but levels of 35 millivolts and higher cause severe 
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“tooth” distortion. If the actual ratio of carrier to modulating wave amplitude is far 
from this, there could be enough distortion in the displav to render the technique useless. 
This 1s Why continued efforts are recommended to remain in pursuit of more substantial 
theoretical groundwork to support the potential benefits of this display technique. This, 
of course, should then be followed by actual model tests if the technique trulv shows 
promise. In obtaining real signals, the main effort should be in trying to capture as 
“clean” a signal as possible since this is critical in the quality of duplication of the profile. 
Also, the signal sought might best be restricted to the gearmesh event alone which could 
then be superimposed on a simulated signal which represents the shaft frequency since 
Meno wer (shalt) frequency serves merely to create the "base circle" of the gear. 

In general, the difficulties experienced in the model testing were primarilv in the 
arcas of speed drift, load stability. amount of load, and size of components. Future 
machinery models. or changes to this one. should consider these factors seriouslv in the 
early stages of tlie design. The load and power supplies must be very carefully sized to 
emeure that the device under test is able to be loaded to the desired or required levels 
which will give meaningful results, and the load stability 1s important because and the 
use of some of the more beneficial techniques in reducing noise and otherwise improving 


measurement content (such as time averaging) requires extremely tight control of speed. 
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